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SUMMARY
The objective o f the present study is to  model the separation o f n itrogen 
fro m  a ir  by PSA using carbon m olecular sieves. These processes re ly  on the 
d iffe re n t ra tes a t which oxygen and n itrogen gain access to  the adsorption 
sites w ith in  the carbon, and not solely on the adsorption e qu ilib r ia  
between the gaseous and adsorbed phases.
The model o f d iffu s io n  contro lled  pressure swing adsorption in  th is  study 
consists o f a set o f inhomogeneous, non-linear, f i r s t  order, p a r tia l 
d if fe re n tia l equations (PDEs). These PDEs are derived fro m  convective mass 
balance equations, mass tra n s fe r equations and the equ ilib rium  isotherm  
equations. The Method o f C haracteris tics is used to  reduce the derived set 
o f hyperbolic PDEs to  a set o f o rd ina ry  d iffe re n tia l equations (ODEs) in  an 
exact manner.
The adsorption ra te  and equ ilib rium  isotherm  parameters fo r  oxygen and 
n itrogen are estimated fro m  data published by Hassan, Ruthven and Raghavan 
(1986). This study also compare th e ir  published theo re tica l and 
experim ental resu lts  against the DCPSA model’s re s u lt..  Such comparisons, 
however are o f lim ited  value because the exact conditions and the manner in  
which the experim ent is conducted are not known.
The o rig ina l idea o f perfo rm ing  im p lic it in teg ra tion  along the 
characte ris tics  has made the DCPSA model more robust. This means i t  is 
more stable and less computer processing tim e is required when high but 
re a lis tic  values o f the overa ll mass tra n s fe r coeffic ien ts are used.
The DCPSA model is  able to  p red ic t the qua lita tive  behaviour o f the simple, 
product release, purge, b a c k fil l and bed pressure equalisation cycles. A 
series o f se ns itiv ity  analysis o f the process parameters on a simple purge 
cycle are ca rried  out.
The model p red ic ts  an ex trao rd ina ry  ’ reverse flo w  phenomenon’ during  the 
product release step when low feed ra te  is introduced a t the feed end. 
This is because when the feed ra te  is low, the ra te  o f adsorption a t the 
product end is  much g rea te r than the gas feed velocity, and add itiona l gas 
is required to  be drawn in  fro m  the product end. No published models have 
reported th is  phenomenon.
F ina lly , i t  is  also the in ten tion  o f the author to  develop the DCPSA model 
such th a t the model can also be used in fu tu re  to  sim ulate any o ther 
k ine tica lly  based, b inary  adsorbable gas separating process.
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CHAPTER 1
INTRODUCTION
1.1 In tro d u ctio n
Pressure Swing Adsorption (PSA) was f i r s t  described in  1932 [Finlayson and 
Sharp] as a e process fo r  separating gases, which is based on the 
adsorptive properties o f porous solid adsorbents. However the process was 
not commercially exploited u n til a fte r  the discoveries o f synthetic  
zeolites [M ilton, (1959)1. Since then, gas adsorption has made a m a jo r 
impact on the chemical and petrochemical industries as a key separation 
method. The increasing in d us tria l uses o f th is  novel process promoted 
studies o f the properties o f adsorbents and optim isation o f p lan t design. 
This chapter gives an overview o f PSA, the adsorbents used, PSA 
configurations, an in troduction  to  mathematical modelling o f PSA and the 
objectives o f th is  p ro ject.
1.2 An O verv iew  o f PSA
Pressure Swing Adsorption is a gas separation process which depends on the 
f  ollowing:
1) the type o f adsorbent used,
2) the va ria tion  o f to ta l pressure,
3) the adsorption equ ilib rium  and the ra te  o f adsorption,
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4) the cycle configura tions, and
5) the to ta l tim e required fo r  a column to  complete a f  u ll process 
cycle.
The process cycle tim e is norm ally less than five  m inutes because the 
column pressures can be changed rap id ly . The shorte r cycle tim e  o f PSA 
compared to  o ther gas separation processes, such as Therm al Swing 
Adsorption (TSA), has led to  its  increased use. Although cryogenic 
d is tilla t io n  is s t i l l  the dominant bulk gas separation techniques used in  
the chemical and petrochemical industries, the share o f the m arket fo r  PSA 
w il l  continue to  increase as the process improves fu r th e r. In recent
•%
years, PSA has been adopted as the p re fe rred  a ir  separation technique over 
the cryogenic method, especially in cases where the production ra tes  are 
below 30 tonnes per day. S im ilarly , PSA separation o f h igh p u r ity  
hydrogen (99.9999 %) fro m  re fo rm e r product gases is more economical than 
cryogenic means. PSA also competes w ith  other techniques such as liq u id
absorption and membrane separation processes.
I t  is  known th a t the la rgest PSA p lant produces over 100,000 Nm3/ h r  o f 
99.9999 % hydrogen and the la rgest oxygen p lan t produces about 1,000 Nm3/ h r  
o f 95 % oxygen. The la rgest app lication o f the process in  term s o f the
number o f p lants is the separation o f oxygen fro m  a ir  fo r  medical,
d om ic illia ry  use.
Publications on PSA and other adsorption processes have grown ra p id ly  since 
the development o f Skarstrom ’ s cycle in 1960. By 1970, the re  were nearly  
1,000 patents held on PSA and 4,500 papers in  the open lite ra tu re  on
2
adsorption. A decade la te r the number o f PSA patents had reached 2,000 
,and is s t i l l  grow ing a t an exponential ra te  [S ircar, (1988)].
The economic evaluation o f PSA is complicated. However, the energy 
required fo r  the fo llo w in g  purposes constitu te  the m a jo r operating costs:
1) compression o f the feed gas to  the required adsorption pressure ( i f  
necessary),
2) overcoming the system pressure drops during adsorption o r desorption, 
and,
3) the loss o r consumption o f energy during desorption by pressure 
reduction.
Depending on the p lant throughput and the type o f cycle configura tions 
used, the cap ita l^cost fo r  a PSA plant includes:
1) compressor o r vacuum pump,
2) product spec ifica tion  analyser,
3) pressure columns and piping,
4) adsorbent,
5) rem otely activated valves, and,
6) contro l electronics.
PSA processes are s t i l l  re la tive ly  poorly understood despite th e ir  
increasing popu la rity . Detailed mathematical modelling o f these cyc lic  
processes and the solution techniques required are indeed extrem ely 
complicated and tim e consuming. However, d iffe re n t models have appeared 
in  the open lite ra tu re : Turnock and Kadler (1971), Chan, H il l and Wong
(1981), C arte r and Wyszynski (1983), Fernandez and Kenney (1983),
3
Chihara and Suzuki (1983), Yang and Doong (1985) and Raghavan and Ruthven 
(1985). Some o f these models and th e ir  solutions w il l  be discussed in 
Chapter 2.
1.3 Adsorbents and Adsorptive Separations
Adsorbents are porous solids which a llow  f lu id  phase molecules to  adhere o r 
’ adsorb’ to  th e ir  surfaces. Many fa c to rs  a ffe c t the amount o f adsorbate 
retained on the adsorbents. These fa c to rs  include the s tru c tu re  and
composition o f the surface o f the adsorbents, the concentrations o f the 
adsorbates, and the tem perature and pressure o f the system.
There are tw o  types o f adsorption:
1) chem isorption involves the fo rm a tion  o f chemical bonds between the 
surface and adsorbate which are norm ally  very strong and not easily
broken again by moderate changes in  physical conditions, and,
2) physisorption involves the fo rm ation  o f ' less strong, physical bonds 
which are governed by Van der Waal forces and unlike chem isorption, 
the adsorption o f the loosely bonded molecules is  read ily  reversib le .
Most m icroporous m ateria ls can be used as adsorbents fo r  gas separation. 
The tw o common types o f adsorbent used in  PSA a ir  separation processes are 
zeolites and carbon molecular sieves (CMS). Both o f these can physisorb 
a ll the molecules in a ir. A more detailed discussion on these tw o  types o f 
adsorbent is presented in Chapter 2.
4
Two fundam ental fac to rs  a ffe c t the separation which can be achieved:
1) the equ ilib rium  isotherms, and,
2) the ra tes o f adsorption.
The equ ilib rium  isotherm is the re la tionsh ip  between the amount o f a 
component adsorbed on the adsorbent surface and its  p a r tia l pressure in  the 
gas phase a t equ ilibrium  and a t a constant tem perature. The amount 
adsorbed norm ally increases w ith  both increasing p a r tia l pressure and 
decreasing tem perature. Hence the adsorbent in  an adsorption column can be 
regenerated by e ither decreasing the to ta l pressure o f the adsorbed system, 
as fo r  PSA, o r increasing the tem perature o f the adsorbed system, as fo r  
TSA. Due to  the large heat capacity and poor heat exchange p roperties o f 
the adsorbent, the regeneration o f adsorbent fo r  a TSA system can be very 
slow. O ften the regeneration o f the adsorbent may take several hours, 
which means large quantities o f adsorbent per u n it throughput. For th is  
reason PSA processes have replaced many TSA processes. F igure 1.1 shows 
the pure gas isotherms fo r  oxygen and n itrogen on 5A zeolites.
The ra te  a t which a molecule is adsorbed onto an adsorbent surface is 
genera lly governed by gas and solid phase mass tra n s fe r. D uring gas phase 
mass tra n s fe r the molecule is tra n s fe rre d  by convection to  the boundary
layer fo llow ed by molecular d iffus ion  across the boundary layer. The solid
phase mass tra n s fe r includes macropore transpo rt, m icropore tra n sp o rt o r 
in tra c ry s ta llin e  d iffus ion . The m acro- and m icropore tra n s p o rt are 
contro lled  by molecular and Knudsen d iffu s io n  respectively. The m icropore 
tra n sp o rt is also a ffected by surface d iffus ion . In the case o f CMS, the
5
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ra te  o f adsorption is mainly governed by pore d iffu s ion , hence CMS is 
manufactured w ith  a ca re fu lly  contro lled  pore size d is tribu tion .
An ideal adsorbent fo r  PSA is one in  which the fas te s t d iffu s in g  component 
also has the most favorab le  equ ilib rium . However, th is  is ra re ly  the 
case, fo r  example, the isotherms fo r  both oxygen and n itrogen on 
Bergbau-Forschung CMS are almost identica l, but the ra te  a t which oxygen 
d iffuses in to  the adsorbent is 30 tim es fa s te r than the ra te  a t which 
nitrogen can d iffu se  [Ruthven, Raghavan and Hassan (1986)]. Typ ica l 
k ine tic  and equilibrium  data fo r  oxygen and n itrogen on CMS are presented 
in  Figure 1.2. For a ir  on zeolites, the adsorption isotherms favou r the 
slower d iffu s in g  n itrogen molecules.
An im portant fea tu re  o f an adsorbent fo r  the k ine tic  type o f separation is 
th a t the molecular sieving requires the adsorbent to  have a very parrow  
range o f pore sizes.
In practice, small p a rtic le  diameters are pre fe rab le  since th is  minim ises 
the d iffu s iona l path lengths fo r  macropore tra n sp o rt and hence a llows the 
use o f a reasonable p roportion  o f each p a rtic le ’s adsorptive capacity.
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Kinetic and Equilibrium Data for
Oxygen and Nitrogen on CMS 
Kinetic Data
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1.4 PSA Simple Cycle Configurations
PSA is a dynamic process and consists o f many d if fe re n t cycle 
configurations. The basic con figura tion  is the simple cycle which consists 
o f three common process steps: pressurisation, product release and
depressurisation (Figure 1.3). Additional process steps, such as purge, 
b a ck fill, second cut and co -cu rren t depressurisation are used in  more 
complicated cycle configurations. This is done e ithe r to  improve the 
regeneration o f the adsorption column or to  enhance the product release 
(Section 2.4).
B a s i c  S t e p s  o f  PSA
p r o d u c t
f e e d  f e e d  w a s t e
PRESSURISATION PRODUCT RELEASE DEPRESSURISATION
F i g u r e  1 . 3
Pressurisation is a process step where the feed gas is compressed in to  an 
adsorption column and the pressure rises to  the upper operating pressure.
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During th is  tim e, the more strong ly retained components are adsorbed onto 
the adsorbent s u rf ace leaving a zone o f gas enriched in  the less s trong ly  
retained components a t the closed end o f the column. To avoid flu id isa tio n  
i f  the feed f lo w  is v e rtic a lly  upwards, the peak f lo w  ra te  must be
re s tr ic te d  o r the adsorbent must be mechanically retained. Movement o f the
partic les  is not desirable because o f a ttr it io n  and, in  some extrem e 
cases, may lead to  rem ix ing  o f the gases which have ju s t s ta rted  to
separate.
During the product release step, fu r th e r feed gas is introduced in to  the 
column w h ile  m aintain ing the pressure a t the upper operating pressure. The
v
gas enriched in the less retained components is  released through the
opposite end o f the column. When the adsorption f ro n t  reaches the end o f 
the column, the more strong ly  retained components s ta r t  to  breakthrough 
in to  the product stream  and the step is term inated.
During product release there is fu r th e r separation due to  the 
chromatographic e ffe c t o f the fro n ts  moving a t d if fe re n t speeds and 
changing shape. This e ffe c t is the main cause o f separation in  PSA 
processes fo r  the p u r if ic a tio n  o f an in e rt o r non-adsorbable gas such as 
hydrogen p u r if ic a tio n  o r a ir  dry ing but is less im portan t fo r  bu lk gas 
separations such as oxygen o r n itrogen separation fro m  a ir.
The normal depressurisation step is the reverse o f the pressurisa tion  step; 
the ex is ting  high operating pressure is reduced to  the low er opera ting  
pressure by exhausting the gas coun te r-cu rren tly  to  the feed d irec tion . 
The drop in pressure causes desorption to  occur. The gas released is  r ic h
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in  the more strong ly  retained components and is usually called the waste 
gas. However, th is  ’waste’ stream sometimes contains the desired product. 
In some cases, a large pressure change is needed to  increase the distance 
trave lled  by the desorption fro n t. In a ir  separation, the waste gas is 
norm ally vented to  the atmosphere. In the case where the low er operating 
pressure is below atmospheric pressure, a vacumn pump is  used.
A simple cycle th a t consists o f these three basic process steps is  norm ally  
incapable o f producing a commercially viable separation. Th is is e ithe r 
because o f the poor product concentration obtained o r the product y ie ld  is 
too low even a t the optim al operating condition. The product y ie ld  in  PSA 
is  norm ally defined as the ra tio  o f the amount o f desired component th a t 
leaves the p lan t in  the product stream to  the amount o f the same component 
in  the feed stream.
To achieve a continuous f lo w  o f product during the cyc lic  operation, more 
than one column is needed. Figure 1.4 below gives an example o f a tw o  bed 
simple cycle.
S im ple C y c le  C o n f ig u ra t io n
Bed A P ro d u c t R e lease 1 2
Bed B 1 2 P ro d u c t R e lease
1) D e p re s s u r is a t io n  2 ) P re s s u r is a t io n
F ig u re  1 .4
11
A dditiona l steps to  improve on the simple cycle con figu ra tion  by fu r th e r 
regeneration o r enhancing the product y ie ld  are described in  Section 2.4.
1.5 In tro d u c tio n  to  PSA M odelling
The nature o f a model o f any process depends la rge ly  on the use fo r  which 
i t  is  required and the com plexity and lim its  o f the process. A 
m athem atical model o f PSA, in the context o f a study o f the dynamics and 
behaviour o f an adsorption column under rap id  changes o f pressure, depends 
on many fac to rs . Model complexity w il l  depend on the assumptions made, 
th a t is, how precisely the system is represented. Increasing the  number 
o f assumptions usually decreases the com plexity o f the model. In  general, 
the task o f the modeller is to  develop a model which is  a close 
representation o f the rea l system. Idea lly  the model should be easily 
understood and is easy to  solve. The importance o f having an easily 
understood model is to  enable users fro m  a varied background to  appreciate 
the process and to  use the model w ith o u t the need to  have an in -dep th  
knowledge o f the process.
There are essentia lly tw o types o f models: the f i r s t  being the f i t t in g  o f
corre la tions to  ex is ting  experimental resu lts  and the second is based on an 
analysis o f the physical and chemical princip les involved in  the process. 
In the case o f PSA, the la tte r  type o f model resu lts  in  systems o f p a r tia l 
d if fe re n tia l equations (PDEs) which generally have to  be solved 
num erically.
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There are d iffe re n t types o f PDEs (parabolic, hyperbolic and e llip tic ; 
see Section 3.4) and d iffe re n t numerical techniques may have to  be used to  
solve each type. For example hyperbolic equations may be solved quickly 
and accurately using the Method o f C haracteris tics bu t th is  method cannot 
be applied to  parabolic o r e llip t ic  equations.
The Method o f C haracteristics used to  solve these hyperbolic equations w il l  
be discussed in more deta il in Chapter 4. This method o f so lu tion has also 
proven to  be an e ff ic ie n t method fo r  the instantaneous local equ ilib rium  
model (ILE) o f PSA system [K irkby (1983)], especially when the track ing  
d iscontinu ities in  the concentration p ro file  is essential.
In general, increasing com plexity o f model g re a tly  increases the 
computational load required fo r  solution.
1.6 The Present Research
The main objective o f th is  research is to  model the separation o f n itrogen 
fro m  a ir  by pressure swing adsorption using carbon m olecular sieves. The 
purpose o f the model is to  represent the d iffu s io n  contro lled  PSA process 
by tak ing  in to  account the mass tra n s fe r lim ita tio n  encountered by the 
adsorbates, which is ignored by many PSA models.
The u ltim a te  aims o f th is  model are:
1) to  study and understand the dynamics and behaviour o f PSA,
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2) to  d irec t the search fo r  the optimum operating conditions on exis ting
plant,
3) to  provide an accurate design too l fo r  a new o r revamped plant,
4) to  a llow  the sim ulation o f d iffe re n t types o f cycle configurations,
and,
5) to  allow  the study o f o ther s im ila r types o f b inary  gas m ixtu re
separation processes under s im ila r conditions.
This d issertation  presents the resu lts  and conclusions o f the w ork ca rried  
out between January 1986 and December 1989. A b r ie f outline o f the 
remaining chapters is as fo llow s:
Chapter 2 presents a lite ra tu re  review  on PSA, discusses the kinetics 
o f sorption in  solids and some o f the recent theore tica l 
models and the assumptions made.
Chapter 3 presents a d iffu s ion  contro lled  model w ith  its  assumptions. 
Chapter 4 discusses the application o f various in teg ra tion  techniques 
on the derived model, p a rtic u la r ly  on the technique 
orig inated fo r  the present research.
Chapter 5 outlines the so ftw are  development and the program  s truc tu re  
o f the cu rren t model. This chapter also presents the unique 
f lo w  reversal phenomena a t low  feed ra te  during product 
release step.
Chapter 6 describes the resu lts  o f the computer s im ulation o f PSA 
including bed pressure equalisation cycles.
Chapter 7 summarises the find ings o f th is  study and suggests what 
fu tu re  work need to  be ca rried  out on d iffu s io n  contro lled 
PSA.
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CHAPTER 2
LITERATURE REVIEW
2.1 In tro d u c tio n
Adsorption separation processes have been used w ide ly in  the petroleum 
re fin in g  and petrochemical industries long before the commercial 
development o f Pressure Swing Adsorption (PSA). -Since the commercial
development o f PSA, the use o f adsorption separation in  these industries
grew even f  u rthe r. The number o f PSA processes alone has grown 
exponentially fo r  the past decade [S ircar (1988)]. Publications on th is  
subject by Ruthven (1984) and Yang (1987) and the reviews on PSA, 
summarised in  Table 2.1, provide guidance and reference.
This chapter aims to  review the h is to r ica l background o f PSA, the types o f 
adsorbent used in  a ir  separation and some other possible PSA process cycle 
configurations. Then the kine tics o f sorption in  porous solids are 
discussed to  support the assumptions used f  o r the deriva tion  o f the 
D iffus ion  Control Pressure Swing Adsorption (DCPSA) which are presented in
Chapter 3. F ina lly  th is  chapter presents a review  o f PSA models w ith  the
assumptions used.
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Table 2.1 General reviews on PSA
Y ear
1968
1973
1973
1984
1984
1985
1988
Author(s)
Domine & Hay 
Lee & Stahl
Smith & Armond
Kenney & K irkby
Cassidy & Holmes 
Tondeur & Wankat
S ircar
G eneral Comments
Described PSA in  a more general term . 
Concentrated p a rticu la rly  in  a ir  
separation processes.
H igh ligh t the d ifferences between 
PSA and cryogenic separation.
A more comprehensive break-down o f 
d iffe re n t types o f process steps 
involved in PSA.
H is to rica l review  o f PSA.
Described PSA processes in  general, 
th e ir  h is to rica l background and also 
included less common but complicated 
type o f cycles configura tion .
General background in  adsorption 
processes which include PSA.
Also h igh ligh t the grow ing economics 
trends fo r  PSA.
2 .2  H is to ric a l Background o f PSA
PSA was f i r s t  described in a patent by Finlayson and Sharp (1932) as a 
single bed process involving a number o f pressurisation  and 
depressurisation steps. A decade la te r, Kahle (1942) described the f i r s t
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two bed PSA system, which was used fo r  drying a ir  and removing carbon
dioxide fro m  a gas m ix tu re . Although Kahle had la te r, in  1954, employed
a pressure swing in to  the Sorbogen Process [Reyhing, (1975)1, commercial 
application o f PSA technology was not extensively exploited u n til a fte r  the 
discovery o f synthetic zeolites [M ilton (1959)]. A year la te r, Skarstrom  
(1960), who is w ide ly acclaimed as the inventor o f PSA, developed and
patented a tw o  bed PSA processes. The successful app lica tion  o f 
Skarstrom ’s PSA cycle in  gas dry ing  has ce rta in ly  resulted in  a rise  o f PSA 
patents. In 1964, L /A ir  Liquide b u ilt  its  f i r s t  hydrogen p u r if ic a tio n
3
p lant capable o f producing 0.02 m /s  o f 99.95% o f hydrogen fro m  cracked 
ammonia [Guerin de M ontaru il and Domine, (1964)1 and, in  1970, PSA was
f i r s t  used com m ercia lly to  produce oxygen fro m  a ir.
The increasing popu la rity  o f gas separation using PSA cycles had a g reat 
impact on the development o f d if fe re n t adsorbents. For example, the 
development o f a new carbon molecular sieves (CMS) adsorbent by Juntgen and 
Knoblauch (1971), o f Bergbau-Forschung GmBH (BF) fu r th e r  increased the use 
o f PSA in  a ir  separation processes. By 1976, the PSA m arket fo r  n itrogen 
production fro m  a ir  was dominated by p lants using the BF CMS. The rap id  
grow th  o f the number o f PSA plants in  the la s t tw o  decades has ce rta in ly  
stim ulated the in te res t o f researchers to  develop b e tte r theo re tica l models 
o f th is  process.
2.3 Adsorbents fo r  A ir  S eparation
A b r ie f in troduction  o f adsorbent properties and th e ir  separation
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characte ris tics  was given in  Chapter 1. This section m ainly describes the 
ex is ting  adsorbents used most commonly in  a ir  separation. In p a rtic u la r,
5A zeolite  is w ide ly used fo r  oxygen enrichment, w h ile  carbon m olecular
sieves dominates n itrogen production.
Although these tw o  types o f adsorbents have demonstrated th e ir  usefulness 
in  a ir  separation, they have yet to  meet the energy e ffic ie n cy  o f 
cryogenic d is tilla t io n  a t large scale. To achieve th is , these m a te ria ls
need to  have a large selective adsorption capacity as w e ll as a selective
d iffu s io n a l resistance both favouring  a single component.
In recent years, Union Carbide Corporation has described a number o f new
adsorbents which may be used fo r  a ir  separation. For example, Ce[Fe(CN) ]
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was claimed to  have a separation fa c to r fo r  oxygen fro m  n itrogen  as high as 
48 in  10 minutes, in  which tim e about 70% o f the equ ilib rium  oxygen
loading was achieved, [Mulhaupt & Berwaldt, (1984)].
2.3.1 Z eo lites  in  PSA A ir  Separation
Zeolites c rys ta ls  were discovered and named tw o and a h a lf centuries ago by 
a Swedish m inera log ist [Cronstedt (1756)1. However the c re d it o f its
commercial use in  PSA a ir  separation processes go to  sc ien tis ts  in  Union 
Carbide Corporation who discovered a method o f synthesising these h igh ly  
porous solid c rys ta ls  [M ilton (1959)]. Publication o f zeo lite  science 
has grown rap id ly  since, in  p a rticu la r, Breck (1974) provides an
in troduction  to  the properties and applications o f zeolites.
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Unlike most o ther adsorbents, zeolite  crysta ls  have v ir tu a lly  no pore size 
d is trib u tio n . The c rys ta lline  s truc tu re  is based on a three dimensional 
netw ork o f AlO and SiO tetrahedra , which are linked by the sharing o f
4 4
the oxygen atoms to  fo rm  cavities. The window and the cav ity  size o f these 
crys ta ls  can be a ltered by undergoing a p a rtia l o r to ta l ion-exchange o f 
th e ir  cations. A common 5A zeolite  has a window size o f 5.0 X consisting 
o f calcium cations w h ils t a 4A zeolite, w ith  a window size o f 4.2 X, has 
a la rg e r combined cation. This is because tw o  sodium cations have to  
replace each calcium cation and tw o sodium cations are la rg e r than one 
calcium cation.
Although 34 n a tu ra lly  occurring zeolites and about 100 syn the tica lly  
m anufactured ones are now iden tified  [E sp ita lie r-N oe l (1988)1, 5A zeolite  
is s t i l l  the dominant adsorbent used in  the process o f enrich ing  oxygen 
fro m  a ir.
Despite being the s lig h tly  la rge r molecule, n itrogen is adsorbed 
p re fe re n tia lly  to  oxygen. This is because the n itrogen molecule has a 
higher quadropole moment which allows i t  to  fo rm  a s tronger e le c tros ta tic  
fo rce  w ith  the 5A zeolites.
The ra te  o f adsorption fo r  both n itrogen and oxygen are extrem ely fas t, 
the re fo re  oxygen enrichment from  a ir  using 5A zeolites are equ ilib rium  
dominated.
The need to  fu r th e r  understand and improve the e ffic iency  o f u t i l iz in g  th is
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highly selective 5A zeolite  in a ir  separation had been w e ll demonstrated by 
many researchers. For example, research ca rried  out by Flores-Fernandez 
(1978), K irkby  (1983) and Liow  (1986) under the guidance o f Kenney a t 
Cambridge, and more recently an extension o f K irkb y ’ s w ork by 
E sp ita lie r-N oe l (1988).
Shin and Knaebel (1988) explored the use o f 4A zeolites to  enrich n itrogen 
fro m  a ir. Due to  a sm aller window size, the ra te  o f adsorption fo r  oxygen 
in th is  case is s ig n ifican tly  g reate r than th a t fo r  n itrogen. The 
separation becomes k ine tica lly  dominated. However, the use o f CMS fo r  
n itrogen production s t i l l  dominates the market.
2 .3 .2  Carbon M olecu lar Sieves in  PSA A ir  Separation
The chemical industry  has manufactured and used activated carbon since 
about 1909, and its  use is now very widespread. Well established 
applications include w a ter p u rifica tio n , sugar decolourisation, a ir  
p u r if ic a tio n  and solvent recovery. Recently, PSA and vapour phase 
adsorption processes have fu r th e r increased the demand fo r  carbon derived 
adsorbents.
The f i r s t  commercial activated carbons were m anufactured by chemical 
ac tiva tion  o f wood char, u tilis in g  zinc chloride, phosphoric acid and 
steam o r carbon dioxide. Chemical activa tion  o f bone char is used in  raw  
sugar decolourisation. Other d iffe re n t raw  m ateria ls  were also used to  
m anufacture carbon to  be used w ith  liqu ids (e.g. lig n ite , sulphide black
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ash and rice ) and w ith  gases (e.g. coconut and chem ically charred wood). 
Activated carbon w ith  a narrow  m icro-pore  size d is tr ib u tio n  ranging fro m  4 
to  9 X is re fe rre d  to  as CMS.
CMS provides the possib ility  o f selective separation o f m ix tu res  according 
to  the m olecular size o f the ind iv idua l components. In  1975, G rant 
reported the preparation o f a 5A carbon sieve su itab le  fo r  separating
la rge r organic molecules, and tw o years la te r, Juntgen (1977), described 
a process fo r  the manufacture o f carbon sieves fro m  coal w ith  a high 
se lec tiv ity  fo r  separating nitrogen fro m  a ir. He also gave a b r ie f  account 
o f adsorption mechanisms and pore s truc tu res  o f carbonaceous adsorbents, 
po in ting  out th a t they adsorb selectively non-po lar ra th e r than po lar
components. Furtherm ore the d is tinc tion  between CMS and o ther activated 
carbon in  term s o f th e ir pore volume and pore size d is tr ib u tio n  has also 
been presented by Juntgen (1977).
CMS has ca re fu lly  controlled pore diameters which are ta ilo re d  to  pe rfo rm  a 
specific  separation. The CMS used fo r  PSA a ir  separation, f i r s t  patented 
by Bergbau-Forschung o f Bergwerksverband GmBH (BF) [Peters and Muenzner, 
(1971)1, are an example o f where the pore size d is tr ib u tio n  must be very 
t ig h t ly  contro lled, because the oxygen and n itrogen  molecules are so 
nearly the same size. Furtherm ore, unlike zeolite  based PSA processes 
where the removal o f w ater vapour and carbon dioxide are im portan t, CMS 
adsorbed and desorbed these tw o components along w ith  oxygen. This is
because the adsorption o f w ater in CMS, in  p a rticu la r, is  much weaker 
than in the zeolites and is not a v ir tu a lly  irreve rs ib le  com petito r, and
the re fo re  does not need a therm al swing to  remove i t  again.
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In recent years, Calgon Carbon Corporation claimed to  have produced a CMS 
fo r  a ir  separation w ith  oxygen to  n itrogen se lec tiv ity  ra tio s  between 6.5 
to  8.5 and d iffu s io n  ra tio s  ranging fro m  9 to  400 [Sutt, (1984)1
2.4 O the r PSA Cycle C o n fig u ra tio n s
The simple cycle, as described in  Section 1.4, is  not com m ercially viable
and fu r th e r steps must be included in the cycle to  improve product p u rity ,
y ie ld  and energy consumption. To improve the regeneration o f the saturated 
column, a purge step is norm ally incorporated in to  the simple cycle. In a
purge step, p a rt o f the desired high pressure product fro m  the product
release step is re-in troduced as a feed in to  a fu l ly  depressurised column 
(Figure 2.1).
F u r th e r  R egenera tion  Steps
p r o d u c t  gas p r o d u c t  gas
w as t  e 
PURGE B AC KFILL
F ig u re  2.1
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To m aintain  a constant lower operating pressure during  purge, the other 
end o f the regenerating column is le f t  open to  a llow  the waste to  leave the 
system. Since the high pressure product gas is enriched in  the less 
strong ly retained component on entering the purge column, i t  lowers the 
local p a r tia l pressure o f the more strong ly  re ta ined component, provid ing 
a d riv ing  fo rce  fo r  more o f th is  component to  desorb leaving a much cleaner 
column. Kahle was the f i r s t  to  use purge step in  PSA (1942), i t  was also 
used in the f i r s t  commercially popular process which was patented by 
Skarstrom (1960). Nowadays, almost a ll PSA processes use purge steps as 
one o f several fu r th e r regeneration steps, especially in  cases where high 
p u r ity  product is more im portant than the yield.
The amount o f purge gas used a ffe c ts  both the product p u r ity  and the yield. 
The optimum purge amount usually corresponds to  the s ta r t  o f breakthrough 
o f the product gas in to  the waste line. Above th is  optimum value, e x tra  
product gas is discharged unnecessarily in to  the waste line, hence 
reducing the product y ie ld  and, in  extreme cases, also causing a loss o f 
product concentration. However, i f  the purge amount is  below the optimum 
value, the adsorbent in the regeneration column w il l  not be fu l ly  
regenerated, leading to  a less pure product. F igure 2.2 below shows an 
example o f a tw o  column purge cycle configura tion .
Purge C y c le  C o n f ig u ra t io n
Bed A P ro d u c t R e lease 1 2 3
Bed B 1 2 3 P ro d u c t R e lease
1) D e p re s s u r is a t io n  3 ) P r e s s u r is a t io n
2) Purge
F ig u re  2 .2
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Another step which is used to  improve the regeneration o f the beds is the 
b a c k fil l step. In th is  case, the waste end o f the bed is closed a llow ing 
the regeneration column to  be p a r tia lly  pressurised (see Figure 2.1). 
During b ack fill, the desorption f ro n t  in the column w il l  be pushed down 
fu r th e r  towards the closed end. Cycles using a b a c k fill step norm ally show 
higher yields than those w ith  a purge step because there is no fu r th e r  
waste released during the b a ck fill step. The pressure a t the end o f the 
b a c k fil l step is called the b a c k fill pressure and its  optimum value 
norm ally lies about h a lf way between the upper and low er operating 
pressures. In PSA cycles used to  produce oxygen fro m  a ir  i t  is  common to  
include both a purge step and a b a c k fil l step, and a typ ica l cycle 
configura tion  is shown in Figure 2.3 below.
P urge  and B a c k f i l l  C yc le  C o n f ig u ra t io n
Bed A P roduc t R e lease 1 2 3 4
Bed B 1 2 3 4 P ro d u c t R e lease
1) D e p re s s u r is a t io n
2) P urge
3 ) B a c k f i l l
4 ) P re s s u r is a t io n
F ig u re  2 .3
The gas supply fo r  the purge and b a c k fill steps can come fro m  d iffe re n t 
sources:
1) on-specification product, d ire c t fro m  the product line connected to  
the product release step.
2) o ff-sp e c ifica tio n  product, d ire c t fro m  the product line as 1)
[Skarstrom, (I960)].
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3) fro m  a tank contain ing gas specially released fo r  regeneration
purposes. The gas is fu l ly  mixed but o ff-sp e c ifica tio n  w ith  respect
to  the normal product, [Marsh, Hoke, Pranmik and Skarstrom, (1964)1.
4) from  a product b u ffe r tank, where the gas is also fu l ly  mixed and
on-specifica tion , [Armond & Webber, (1975)1.
No additional pressure vessel is  needed fo r  methods (1) and (2) and no
composition flu c tua tions  w il l  enter the receiving column when using methods 
(3) and (4). Methods (1), (2) and (4) are a ll in  common use.
A t the end o f a normal product release step, the concentration f ro n t  o f
v
the more strong ly  adsorbable components may e ithe r s ta r t to  breakthrough 
in to  the product stream o r be near the product end o f the column. In the 
la tte r  case, considerable adsorptive capacity a t the product end o f the
column remains unused and represents incomplete use o f the adsorbent, The 
tw o common ways to  enhance the product release step is to  use e ithe r a 
second cu t step o r a co -cu rren t depressurisation step (Figure 2.4).
E nhanced  P ro d u c t R e le a s e  S te p
p ro d u c t w a s te
Donate R ece i ve
SECOND CUT CO-CURRENT DEPRESSURISATION 
F ig u re  2 .4
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The second cut step is a product release step where a ll the ou tle t gas o f a 
donating column (a fte r  its  normal product release) is fed  in to  another
column as feed during the product release step o f the receiving column.
This step not only improves the product y ie ld  but, more im po rtan tly  i t  
make the process much easier to  design because i t  removes the need to
calculate accurate ly when the concentration fro n t is going to  breakthrough. 
This process step has been patented by BOC Ltd. and is  used fo r  oxygen 
production fro m  a ir  [Armond, (1980)]. To a llow  fo r  a continuous f lo w  o f 
product, the simplest cycle con figu ra tion  using second cu t involves the
use o f three columns (Figure 2.5).
C y c le  C o n f ig u r a t io n  U s in g  Second Cut
Bed A 1 2 3 4 5 6 7
Bed B 5 6 7 1 2 3 4
Bed C 3 4 5 6 7 1 2
1) R e ce ive  Second C ut 5 ) P urge
2) P ro d u c t R e lease  6) B a c k f i l l
3 ) D onate  Second C ut 7) P re s s u r is a t io n
4) D e p re s s u r is a t io n
F ig u re  2 .5
The co -cu rren t depressurisation step also increases the y ie ld  o f the 
product by releasing the ju s t o ff-sp e c ifica tio n  gas le f t  a t the product end 
o f the column in to  the product stream a fte r  the product release step. An
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additional f  eature o f co -cu rren t depressurisation is  the a b ility  to
conserve some pressure energy fo r  the cycle. This step is fo llow ed by the 
normal coun te r-cu rren t depressurisation step which does not now s ta r t  a t 
the upper operating pressure, hence less energy is los t in to  the waste 
line. A disadvantage o f th is  step is th a t some o f the product is produced 
below the upper operating pressure. F igure 2.6 shows a purge cycle 
con figu ra tion  which includes a co -cu rren t depressurisation step.
Purge C y c le  C o n f ig u ra t io n
Bed A P ro d u c t R e lease 1 1 2 3 4
Bed B 1 1 2 3 4 P roduc t R e lease
1) C o -c u r re n t  d e p re s s u r is a t io n  3) P urge
2) C ounte r—c u r re n t  d e p re s s u r is a t io n  4) P r e s s u r is a t io n
F ig u re  2 .6
There are many ways to  combine the above mentioned ind iv idua l steps, such 
th a t w h ile  one column is undergoing fu r th e r regeneration, another column 
is enhancing the product release. I t  is common to  combine co -cu rre n t 
depressurisation on one column w ith  b a c k fill on another column. The 
overall e ffe c t is to  increase the product yie ld and a t the same tim e  
conserve some o f the pressure energy. This combination is an example o f a 
process called bed pressure equalisation (BPE) (Figure 2.7).
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Bed P re s s u re  E q u a l is a t io n
D o n a te R ece  i ve
D onate  R e ce ive
Top  to  Top B o tto m  to  B o t to m
D onate  R e c e iv e  D onate  R e c e iv e
Both End Top t o  B o tto m
F ig u re  2 .7
The o rig ina l version o f BPE was where the product end o f one column, a fte r  
product release, is connected to  the product end o f another column th a t 
has ju s t completed a purge step. This configura tion  w i l l  be re fe rre d  to  as 
top to  top BPE (TTBPE). During TTBPE, the column th a t is  a t its  upper
operating pressure is donating the ju s t o ff-s p e c ific a tio n  gas and
perfo rm ing  the task o f a co -cu rren t depressurisation step and the rece iv ing 
column, which s ta rts  a t the low er operating pressure, is  backfilled .
Other BPE cycle configurations, such as those in F igure 2.7, also have
s im ila r advantages.
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I f  only tw o  columns are used in BPE cycle configura tions, there  w il l  not 
be a continuous f lo w  o f product fro m  the system, as shown in  F igure 2.8.
Bed P re ssu re  E q u a lis a t io n  c y c le  c o n f ig u ra t io n
Bed A 1 2 3 4 5 6
Bed B 4 5 6 1 2 3
4) Purge
5 ) B a c k f i l l  o r  
P re s s u r is a t io n  o r 
b o th
6) P re s s u r is a tio n
In recent years, BPE cycles have come to  the a tten tion  o f PSA researchers. 
Hassan, Raghavan and Ruthven (1987) presented the experim enta l and 
theo re tica l study o f a Both End BPE (Figure 2.7) cycle w ith o u t a purge 
step. However, LaCava, Dominguez and Cardenas (1988) included a purge 
step in  th e ir  6 steps BPE cycle.
2.5 K inetics  o f Sorption in  Solid
Separation processes in packed columns th a t are based on sorp tion  in  the 
porous media are a ffected  by the hydrodynamics o f the gas flo w , adsorption 
equ ilib ria  and interphase heat and mass tra n s fe r. These in  tu rn  are
1) P ro d u c t  re le a s e
2) C o -c u r re n t  d e p re s s u r is a t io n  o r 
C o u n te r - c u r re n t  d e p re s s u r is a t io n  o r 
b o th
3) C o u n te r - c u r re n t  d e p re s s u r is a t io n
F ig u re  2 .8
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influenced by the physical characteris tics o f the so lid  adsorbent, such as 
the surface properties and the in terna l s tructure .
2.5.1 H ydrodynam ics o f F low  th rou g h  Packed Column
As a f lu id  passes through a fixe d  column o f g ranu la r m a te ria l, the
pressure drop, AP, across the length o f the column, is  dependent on:
1) the p a rtic le  size, dp, its  shape, roughness and size d is tr ib u tio n ,
2) the column length, L,
3) the voidage, e,
4) the physical properties o f the f lu id , and
5) the supe rfic ia l f lu id  velocity, u.
Pressure drop was studied by Darcy in 1830 in D ijon  and give rise  to  
Darcy’s Law as fo llow s [Coulson, Richardson, Backhurst and Harker,
(1978)1:
1 dVwhere u is the average ve locity o f f lo w  o f the f lu id , defined as and
K is a constant depending on the physical p roperties o f the bed and f lu id .
General expressions re la ting  flo w  ra te  and pressure drop have also been 
developed by Furnas (1929), Chilton and Colburn (1931), Konzeny (1933) 
and Carman (1937) [Coulson, Richardson, Backhurst and H arker, (1978)1, 
and la te r by Leva (1949) and Ergun (1952).
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Pressure drop in  a packed column may be s ig n ifica n t in cases where the 
p a rtic le  size is smaller than 1.0 mm o r when PSA operates on a rap id  cycle 
such as those o f Keller and Jones (1980). However, pressure drop has not 
been found to  be s ign ifican t fo r  the slower cycles norm ally employed in  
conventional PSA processes. Hassan, Ruthven and Raghavan (1986), fo r  
instance, did not report any s ign ifican t pressure drop fo r  th e ir  PSA 
experim ent where BF CMS was used.
Many pressure drop equations such as the Ergun and the Carman-Kozeny 
equations have been developed fro m  a steady s ta te  momentum balance across a 
non-adsorbable packed column. In PSA, the gas su pe rfic ia l ve locities are 
fa r  fro m  constant, and the use o f these theories is  yet to  be ju s tif ie d . 
Recent w ork by Alpay (1992) shows the momentum te rm  is  in s ig n ifica n t even 
in  a rap id  PSA cycle.
Therefore, in conventional PSA operating w ith  reasonably large p a rtic les  
and slow cycle times which th is  research model is intended fo r ,  the change 
in pressure over the length o f the packed column may be ignored.
2 .5 .2  A x ia l Dispersion
Although ax ia l dispersion may be im portan t in  some labo ra to ry  size packed 
columns and is included in some theo re tica l models such as those by Hassan 
et al (1986) and L iow  (1986), i t  has been ignored in  the D iffu s io n  Control 
Pressure Swing Adsorption (DCPSA) model. This is because the mass tra n s fe r 
coe ffic ien ts  are not calculated fro m  f i r s t  p rinc ip les and the e ffe c ts  o f
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ax ia l dispersion can be ro lled  in to  the overall e ffe c tive  mass tra n s fe r 
coe ffic ien t, a t least to  a f i r s t  approxim ation. In addition, fo r  most 
in d us tria l columns, the ra t io  o f column diam eter to  p a rtic le  diameter 
norm ally exceeds 300 and the bed length to  p a rtic le  diam eter ra tio  is 
usually w e ll in  excess o f 1000.
Bono (1989) has discussed b r ie f ly  the e ffe c t o f column length, L, to  the 
column ax ia l dispersion, D^, by co rre la ting  the re la tionsh ip  between 
ax ia l P6clet number, u L /D l , and the p a rtic le  P6clet number, ^ ep=
udp/D L . I t  was shown th a t fo r  the range o f p a rtic le  size and pa rtic le  
Reynolds number norm ally encountered, where the p a rtic le  P6clet number has 
a value o f the order o f 0.5 to  2 fo r  liqu id  systems and 2 fo r  gaseous 
systems [Levenspiel, (1972)1, the value fo r  ax ia l P6clet number is o f the 
order o f L /d p fo r  liqu ids and 2 L /d p fo r  gases. Hence unless the column is 
short, the contribu tion  o f ax ia l dispersion to  overa ll performance is 
negligible. L iow  (1986) showed th a t, fo r  his experim ental apparatus which 
was 0.987 m long and has an in te rna l d iam eter o f 0.073 m w ith  a mean 
p a rtic le  size o f 1.77 mm, the im portance o f ax ia l dispersion increased as 
the pressure increased fo r  a given f lu id  supe rfic ia l ve locity. Hence a 
mass tra n s fe r model w ith  a x ia lly  dispersed plug f lo w  was compared w ith  his 
experim ental results.
2.5 .3  Adsorption E q u ilib riu m
The selection o f a suitable adsorbent fo r  a given separation is a complex 
problem. Norm ally the selection is based on the shape o f the adsorption
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isotherm, the adsorbent capacity a t the appropria te  operating conditions 
and the pore size d is trib u tio n . The method o f adsorbent regeneration is 
also an im portant fa c to r. O ften the method o f regeneration is also 
determined by the shape o f the isotherm .
An adsorption isotherm expresses the equ ilib rium  re la tionsh ip  between the 
adsorbed and gas phase concentrations fo r  a pure gas, o r gas m ix tu re , a t 
constant tem perature. Many d if fe re n t types o f equ ilib rium  isotherm  have 
been measured experim enta lly. S im ila rly , many theories have been 
proposed, examples o f which are the Langmuir, Gibbs and the potentia l
theories. A summary o f the derivation  o f each approach has been given by
Young (1987). The most common non-linear isotherm  used in  PSA theories is 
the Langmuir Isotherm.
Langmuir f i r s t  developed his adsorption theory in  1916. The Langm uir 
isotherm  is derived fro m  the assumption th a t the adsorption system is  in
dynamic equilibrium , where the ra te  o f adsorption equals the ra te  o f
desorption. The theory also assumes th a t a ll the vacant sites on the 
adsorbent are energetically equivalent, each s ite  can hold only one 
adsorbate molecule and there is  no la te ra l in te rac tion  between neighbours.
An extension o f Langmuir to  a m u ltila ye r theory was developed by Brunauer, 
Emmett, and T e lle r (1938). However, the BET equation is not used in  PSA 
because vapour pressures in  PSA ra re ly  approach the satura ted vapour 
pressure.
In multicomponent systems, the isotherm  fo r  a given component may not only
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be a function  o f the p a r tia l pressure o f th a t component but may also depend 
on the p a rtia l pressures o f the o ther adsorbable species in  the gas phase. 
To take in to  account the com petition between the various adsorbable species 
present, a co-adsorption theory based on Langmuir has been developed. 
This co-adsorption theory has also been used in some PSA models, fo r  
example Hassan et al (1986). To p red ic t the co-adsorption e ffe c t in  th e ir  
model, the s ta tis t ic a l thermodynamics approach by Ruthven, Loughlin and 
Holborrow (1973) was used.
For the DCPSA model, three isotherm  equations were used:
1) the linear isotherm,
2) the Langm uir pure gas isotherm  and,
3) the Langm uir co-adsorption isotherm.
Like most PSA models, the presences o f argon, w a te r and carbon d ioxide 
are ignored in  the DCPSA model due to  th e ir  in s ig n ifican t volumes. 
Furtherm ore, argon behaves in  a s im ila r manner to  oxygen o r n itrogen
depending on the type o f adsorbents used.
2 .5 .4  Mass T ra n s fe r
When a f lu id  passes over a porous adsorbent, mass tra n s fe r occurs between 
the gas and solid phases which involves the d iffu s ion  across the exte rna l
gas f i lm  to  the surface o f the pa rtic le , fo llow ed by tra nsp o rt w ith in  the
porous s truc tu re  o f the partic le .
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There have been many m athem atical models developed to  describe the 
d iffu s io n  in to  porous adsorbents. Bono (1989) has broadly c lass ified  them 
in to  lumped param eter and d iffu s io n  models and gave a detailed review  o f 
each o f them.
In lumped param eter models, a ll the mass tra n s fe r resistances experienced 
during the adsorption process are lumped in to  a single overa ll mass 
tra n s fe r param eter. In th is  case the mass tra n s fe r d riv in g  fo rce  is 
expressed in term s o f the d iffe rence  in the adsorbate concentration between 
the bulk f lu id  and the mean concentration inside the adsorbent pellets. 
D iffus ion  models describe the tra nsp o rt in term s o f ind iv idua l d iffu s io n  
mechanisms, whether they are the solid d iffus ion , surface d iffu s io n , 
macro- and m ic ro - pore d iffu s io n  o r the combination o f these. D iffu s io n  
models requ ire  adsorbate concentration to  be a function  o f position  w ith in  
the pellets.
Both the lumped param eter and the d iffus ion  transpo rt mechanism assumptions 
have been used in  PSA modelling. L iow  (1986) has accounted fo r  pore 
d iffu s ion  in  h is model and compared his model resu lts  w ith  K irkb y ’ s (1983) 
ILE model. The improvement o f L iow ’ s model over K irkb y ’ s model on 
qua lita tive  and quan tita tive  agreement w ith  experim ent resu lts  has 
suggested the possible importance o f mass tra n s fe r lim ita tio n s  in  oxygen 
production using zeolites.
Although complicated and more re a lis tic , d iffus ion  equations can be used 
fo r  k in e tica lly  contro lled  PSA systems, the normal approach fo r  tak ing  mass 
tra n s fe r lim ita tio n s  in to  account in PSA modelling is to  use the lumped
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param eter as the overall mass tra n s fe r coe ffic ien t, K , and assume a
linear d riv ing  fo rce  (LDF) between the bulk gas and the adsorbed phase.
This is a compromise between the level o f theo re tica l de ta il and the
p ra c tic a lity  o f measuring the model parameters re lia b ly  and accurate ly.
Young (1987) commented tha t, fo r  a b inary gas separation process, pore
2
d iffu s io n  is not im portan t unless the param eter D t / r  is below the
e c p
threshold value o f 100, which is not the case fo r  adsorption separation 
under in d us tria l operating conditions. D is the adsorbent e ffe c tive
e
d iffu s iv ity , t  is the to ta l cycle tim e and r  is  the adsorbent pe lle t
c p
radius.
Bono (1989) has pointed out th a t there are d if fe re n t types o f lumped 
param eter model depending on the assumptions used to  describe the actua l 
linear d riv ing  fo rce  involved. An example is the w ork  o f G lueckauf (1955),
where only the in te rna l solid mass tra n s fe r was considered. Th is system
can be expressed as:
dq.
—  = K a ( q? -  q ) (2.1)
at
Swhere q. is the adsorbate concentration o f component i  a t so lid  surface, 
t  is the tim e o f adsorption,
a is the exte rna l area fo r  mass tra n s fe r per u n it volume,
q. is the mean amount o f component i  adsorbed w ith in  the so lid , and
K is a pseudo-film  mass tra n s fe r coe ffic ien t.f
The model is completed by coupling the f lu id  and solid  concentrations a t
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the p a rtic le  surface through the adsorption isotherm. Glueckauf (1955) has 
shown th a t fo r  spherical partic les the above equation w ith  Kg = 15D / r p, 
where D is the e ffec tive  pore d if fu s iv ity  and r p is the p a rtic le  radius, 
gives an accurate approxim ation o f Fickian d iffu s io n  fo r  adsorbates w ith  
linear o r m ild ly  non-linear isotherms. A detailed discussion on the LDF is 
also given by Young (1987).
In CMS processes tw o p rinc ipa l resistances w il l  con tribu te  to  the  overa ll 
resistance,
1) the exte rna l f i lm  resistance, k (which is dependent on the local
e
p a rtic le  Reynolds number), and,
2) the in tra -p a rt ic le  d iffus iona l resistances, k^ (which w i l l  not be 
dependent on the local f lu id  velocity).
These tw o resistances can be combined to  produce a single overa ll mass 
tra n s fe r resistance (see Appendix A fo r  de ta il derivation  o f the lumped 
param eter LDF model).
There are many sem i-em pirical corre la tions which combine a ll the 
resistances in to  a single mass tra n s fe r coe ffic ien t, fo r  example, Wilson 
and Geankopolis (1966) and Wakao and Funazkri (1978). These lumped models 
can be used to  include the external f i lm  mass tra n s fe r. In the case o f 
Wakao and Funazkri (1978), ax ia l dispersion is also included in  th e ir  
lumped mass tra n s fe r parameters.
Nakao and Suzuki (1983) showed th a t during steps in  which pressure changes, 
the overall mass tra n s fe r ra te  was dependent on the process cycle tim es
37
used and suggested em pirica l cyclic correction  fa c to rs  to  the overa ll mass 
tra n s fe r  coe ffic ien t. Hassan et a l (1986), adopted the use o f correction  
fa c to rs  fo r  th e ir  LDF model to  f i t  th e ir  model to  th e ir  experim ental 
resu lts . However, th e ir  application o f these correction  fa c to rs  was not 
fu l ly  ju s t if ie d  because they adopted the frozen  solid  assumption fo r  th e ir  
pressure-changing steps.
Although most o f the k ine tica lly  contro lled models in  PSA assumed mass 
tra n s fe r  resistances to  be to ta lly  d iffu s io n  contro lled , LaCava, 
Dominguez and Cardenas (1988), claimed th a t d iffu s io n  alone was inadequate 
to  p red ic t the uptake o f some gases on CMS. They proposed a d if fe re n t type 
o f mechanism where the gas molecules had to  f i r s t  cross an energy b a rr ie r 
before entering the m icro-pore cavity. A m odified Langm uir k ine tic  
expression was found to  be a good approxim ation to  th e ir  experim ents fo r  
some conditions. The disadvantage o f th is  model is  the need to  know more 
process param eters, such as the activa tion  energy and the average heats o f 
adsorption.
2.5 .5  H eat T ra n s fe r
Most PSA models ignore the energy balance and assumed isotherm al operation. 
For a large p lant where the va ria tion  o f tem perature a t a f ix e d  po in t in  
the column can exceed 100 K [Young (1987) and E sp ita lie r-N oe l (1988)], the 
inclusion o f an energy balance is c lea rly  essential. A tem perature 
va ria tion  o f up to  25 K was observed by E sp ita lie r-N oe l fo r  h is labora to ry  
experim ent on a ir  separation using zeolite  adsorbent. However, no obvious
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trends were observed in  the va ria tion  o f p lant perform ance w ith  a changing 
process tem perature.
Young and Cen (1986) have shown tha t, fo r  a steady sta te  PSA separation o f 
50 /50  7. Hz/CO w ith  activated carbon, the best separation occurs under the 
hypothetica l isotherm al condition where 90.79% o f CO is recovered compared 
to  the w o rs t separation achieved by adiabatic operation where only 78.96% 
o f CO was recovered.
Although Chihara and Suzuki (1983) have presented a model on non-isotherm al 
PSA fo r  a ir  d ry ing by activated aluminium, no a ttem pt has been made to
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compare th e ir  sim ulation resu lts  w ith  o ther models on the same PSA process 
but w ith  an isotherm al assumption.
The heat o f adsorption on zeolites is generally h igher than th a t on carbon 
because o f both the e lectrosta tic  and Van de Waals forces. For adsorbers 
f i l le d  w ith  CMS, there is no re p o rt o f noticeable tem perature va ria tion  
nor is  there  any evidence in  the lite ra tu re  o f the e ffe c t tem perature 
va ria tion . The model fo r  present research has the re fo re  assumed isotherm al 
operation.
2.6  H is to ric a l Development in  PSA M odelling
A PSA model, in general is derived fro m  a set o f convective mass balance, 
heat balance, mass tra n s fe r ra te  and gas-solid  equ ilib rium  isotherm  
equations. These fo rm  a set o f coupled p a r tia l d if fe re n t ia l equations
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(PDEs) and algebraic equations. PSA models in  the lite ra tu re  have usually 
been solved by one o f the fo llo w in g  techniques:
1) ana lytica l [Shendalman and M itchell, (1971)1,
2) e xp lic it f in ite  d iffe rence  [M itche ll and Shendalman, (1973)],
3) f in ite  elements o r ce ll models [Flores-Fernandez, (1978)1,
4) the Method o f C haracteristics [K irkby, (1983)],
5) orthogonal collocation [L iow , (1986)], and
6) double collocation method [Hassan et a l, (1986)].
Shendalman and M itchell (1971) have developed an idealised equ ilib rium  
model which yields an ana lytica l solution. A tw o  bed Skarstrom  cycle was 
used to  p u r ify  a feed m ix tu re  o f 1.09% CO^ in  He by adsorbing C02 onto 
s ilica  gel. The model considered the com plexities o f pressure-changing 
steps. However, because these steps only occupy sm all fra c tio n s  o f the 
to ta l cycle tim e, and depend only on in it ia l and f in a l states, these 
steps were considered to  be instantaneous. The Method o f C haracte ris tics 
was used to  reduce the p a rtia l d if fe re n tia l mass balance equation to  a p a ir 
o f o rd inary d iffe re n tia l equations. The model consistently overpredicted 
the product concentration by 30% when compared w ith  the  experim enta l
resu lts. This overprediction was a ttr ib u te d  to  the use o f lin e a r isotherm s 
and i t  was suggested tha t mass tra n s fe r processes and dispersion may be
im portant.
Turnock and Kadlec (1971) have form u la ted  a numerical model fo r  a single 
bed process. The bed was packed w ith  5A zeolites fo r  n itrogen production 
fro m  a 28.6% nitrogen in methane m ix tu re . The model was based on the
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assumption o f instantaneous equ ilib rium  w ith  Freundlich isotherms. The 
model also considered ax ia l pressure gradients through the use o f Darcy’ s 
Law. The ax ia l pressure grad ient was included because o f the rap id  cycling 
(below 20 sec.) and the use o f f in e  zeo lite  pa rtic les  (42-60 mesh). In 
addition, the separation fa c to r  between the tw o  components was kept 
constant and the to ta l amount adsorbed was independent o f the gas 
composition. A f in ite  d iffe rence  method was used to  solve the overa ll 
m ateria l balance equation, w h ile  the component balance equations were 
evaluated by the Method o f C haracteristics. The sim ulated product q ua lity  
was found to  agree be tte r w ith  the experim ental re su lt a t 273 K than a t
203K. La te r Kow ler and Kadlec (1972) included a purge step in  the study
and turned i t  in to  an optim isation  problem. The objective function  was a
tim e averaged product concentration.
M itche ll and Shendalman (1973) were the f i r s t  to  publish a num erical model 
fo r  the Skarstrom cycle. The aim was to  reconcile the large d iffe rence  
between the experim ental data and th e ir  equ ilib rium  theory. F in ite  mass 
tra n s fe r ra tes were assumed fo r  the constant pressure steps. The mass 
tra n s fe r ra te  coe ffic ien ts  were assumed to  be constant and independent o f 
pressure. However, fo r  the pressure-changing steps tw o  lim it in g  cases 
were considered:
1) due to  rap id  cycling, no gas-solid  exchange is  allowed (i.e  the 
frozen solid assumption), and
2) instantaneous gas-solid equ ilib rium  is  retained.
The Method o f C haracteristics, in conjunction w ith  f in ite  d iffe rences, 
was used in the solution method. The model c lea rly  shows th a t the frozen  
solid assumption predicts much less separation than is actua lly  achieved,
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whereas the equ ilib rium  assumption predicts more separation. The 
predictions o f the equ ilib rium  assumption are, however, much closer to  
the experim ental results.
Weaver and Hamrin (1974) described an algebraic model fo r  the process 
involving the separation o f 5.5% deuterium  in a hydrogen feed m ix tu re . The 
model assumed instantaneous gas-solid  equilibrium . One m a jo r lim ita tio n  to  
the model is th a t the to ta l volume o f the gas streams entering and leaving 
the beds in  a ll steps must be known. And these volumes are assumed to  be 
independent o f the cycle number. The model also did not take in to  account 
the pressure-changing steps. The experim ent and the model agreed to  w ith in  
' 20-30%.
Sebastian (1975) included an ax ia l pressure gradient in  his model which was 
developed fo r  the a ir /5 A  zeolite  system. The Ergun Equation was qsed to  
determine th is  pressure gradient. Sebastian also demonstrated th a t when an 
e xp lic it f in ite  d iffe rence  method was used, marching in s ta b ilitie s  can 
occur in  the solution. When using a backward d iffe rence  method fo r  the 
depressurisation step, the solution became very stable. However, a 
second level o f ite ra tio n  was used to  minimise the e rro r  a t a boundary 
condition.
Waddoups (1975) derived a mass tra n s fe r model fo r  a tw o  bed n itrogen /he lium  
PSA system. The feed concentration consisted o f 2 to  10 % Nz in  He by 
volume. Activated carbon produced fro m  coconut shells by S u tc liffe  
Speatman L im ited  was used as the adsorbent. The model also considered the 
heat e ffec ts  generated in  the adsorbent during adsorption and desorption.
42
When the experim ental resu lts  were compared to  a s im p lified  isotherm al 
model, the model f i t te d  the experim ental resu lts  s a tis fa c to r ily  a t low  Nz 
concentration but not when the feed Nz concentration was high.
Flores-Fernandez (1978) and Flores-Fernandez & Kenney (1983) applied
equ ilib rium  theory to  PSA a ir  separation. Both O and Nz are considered
adsorbable gases on 5A zeolite. The adsorption o f Nz was assumed to  fo llo w
the Langmuir isotherm, whereas the O isotherm  was linear, and the tw o
were independent. The model also described the pressurisation step. Two
methods o f solution were used, the ce ll model and the Method o f
Characteristics. The Method o f C haracteristics was used when both 0  and
2
N
Nz isotherms were assumed to  be linear. The fo rm a tion  o f concentration 
d iscontinu ities were also discussed. The comparison between experim ent and 
theory shows th a t the gas-solid  equ ilib rium  is  nearly reached during  the 
rap id  pressurisation o f the zeolite  bed. Large amounts o f n itrogen  and 
oxygen are tra ns fe rre d  rap id ly  to  the adsorbed phase. The fa i lu re  o f the 
frozen solid assumption during bed pressurisation is  c lea rly  demonstrated 
by these results.
Chan, H ill and Wong (1981) extended the o rig ina l Shendalman and M itche ll 
ana lytica l solution, fro m  a single adsorbable component in  cin in e rt 
c a rr ie r to  a b inary adsorbable feed m ix tu re . A more deta iled so lu tion  fo r  
e ffluen ts  fro m  a ll steps was obtained. Their ana ly tica l so lu tion  reduces 
to  th a t o f Shandelman and M itche ll when the Henry’ s constant fo r  the 
c a rr ie r gas is zero. The model also considered the pressure-changing 
steps.
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Chihara and Suzuki (1983) proposed a non-isotherm al, non-equilib rium  
model. The model was based on a ir  drying on activated alumina. A single 
adsorbable component in  an in e rt c a rr ie r gas was assumed. The model also 
assumed a f  rozen solid during pressure-changing steps. In addition, 
therm al equ ilib rium  was assumed between the gas and solid. The adsorption 
equ ilib rium  coe ffic ien ts  o f the linear isotherms were considered to  be 
tem perature dependent. For th is  linear d riv ing  fo rce  model, the im p lic it  
Crank-Nicolson method [Davis, (1984)1 was used. The model f i t te d  w e ll 
w ith  the experim ental resu lt obtained fo r  a ir  d ry ing on s ilica  gel [Chihara 
and Suzuki, (1983)1, bu t the mass tra n s fe r coeffic ien ts  are tw o  to  three 
tim es higher than those measured independently. These mass tra n s f e r 
coe ffic ien ts  were estimated by a method developed by Nakao and Suzuki
(1983), where the mass tra n s fe r ra te  was shown to  be dependent on the 
cycle tim e used. The use o f em pirica l cyclic co rrection  fa c to rs  to  the 
mass tra n s fe r coe ffic ien ts  were suggested.
Raghavan, Hassan and Ruthven (1985) have presented a model th a t includes 
a x ia l dispersion. The model also considered the k ine tic  e ffe c t where the 
mass tra n s fe r coe ffic ien ts  are a function  o f column pressure. This was 
la te r extended to  consider adsorption o f a single trace  component w ith o u t 
ve loc ity  va ria tion . In both cases, adsorption during  the
pressure-changing steps was ignored. The method o f orthogonal co llocation 
was used to  reduce the derived PDEs to  sets o f ODEs. La te r, a model fo r  
k ine tica lly  contro lled  bulk gas separation using BF CMS on a fo u r  step PSA 
purge cycle was developed [Raghavan and Ruthven (1985)1. The model 
assumed linear isotherms. In th is  case, the ra te  c o e ffic ie n t fo r  the 
linear d riv ing  fo rce  expressions is the same fo r  the tw o  constant pressure
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steps. This is a reasonable assumption fo r  a system in which m icro-pore 
d iffu s io n  is the dominant mass tra n s fe r resistance. For the
pressure-changing steps, tw o fu r th e r assumptions were assumed:
1) a t the end o f depressurisation, the concentration o f the separating 
gases (Oz and Nz) along the bed, is calculated by m u ltip ly in g  the bed 
concentration by the pressure ra tio , and
2) the solid  phase concentrations remain frozen.
I f  the orthogonal collocation method was used, the derived model would 
re su lt in  a system o f o rd inary d iffe re n tia l equations coupled w ith  a system 
o f non-linear a lgebraic equations. Such a combination o f equations may 
lead to  s tiffne ss  (see Chapter 4 fo r  de fin ition ) and s ta b il ity  problems. 
Therefore the method o f double collocation was applied so th a t a ll the 
equations would be reduced to  a large set o f a lgebraic equations. Hassan 
et a l (1986) fu r th e r  extended th is  model by a llow ing fo r  non-linear 
isotherms.
L iow  (1986) has proposed a model fo r  oxygen enrichment fro m  a ir  on 5A 
zeolites. Mass tra n s fe r resistance and co-adsorption e ffe c ts  were 
included. These assumptions are ra the r unusual fo r  a system where the 
ra tes o f adsorption are so extrem ely fas t. The isotherm s were based on 
ideal adsorption solution theory (IAST) and could sim ulate systems w ith  up 
to  fo u r  beds. An orthogonal collocation method was used to  solve the 
model, and the model was shown to  have good agreement w ith  experim enta l 
resu lts.
Cen and Yang (1985 & 1986) and Doong and Yang (1986 & 1987) have reported a 
number o f PSA models [re fe r to  Yang, (1987)]. They include models w ith  a
45
linea r d riv ing  fo rce  (LDF) as w e ll as mono-disperse ( fo r  adsorbent such as 
activated carbon) and bi-disperse pore d iffu s io n  ( fo r  zeo lite  adsorbents). 
Instantaneous therm al equ ilibrium  between gas and so lid  was used in  these 
models. The ra te  coeffic ien ts  o f the LDF model were considered to  be 
f i t te d  parameters. The pore d iffu s io n  model was s im p lified  by assuming a 
parabolic concentration p ro file  w ith in  the solid  partic les . Thus no 
in teg ra tion  was required along the ra d ia l coordinate in  the pa rtic les . An 
im p lic it f in ite  d iffe rence  method was used to  solve the LDF model. When 
the LDF model was used fo r  a fo u r steps cycle separating a fiv e  components 
m ix tu re , the computation tim e fo r  each cycle was up to  10 m inutes on a VAX 
780. When the mono-disperse model was used fo r  a b inary m ix tu re  separation 
based on a five  steps cycle, much low er com putational tim es o f 
approxim ate ly 1 minute per cycle were required. In the b i-d isperse model, 
the inclusion o f the m icro-pore d iffu s io n  made the system o f equations 
s t i f f .  A f in ite  d iffe rence scheme was used to  reduce the system o f PDEs to  
ODEs. An Euler in tegra tion  technique fo r  the ODEs was attem pted but found 
inadequate due to  the small tim e steps required fo r  a stable so lu tion. A 
variable  order, variable step Gear’ s rou tine  was thus used [Gear, 
(1971)].
Alpay (1992) has developed a new hybrid  method called orthogonal 
co llocation on f in ite  elements, fo r  solving his PSA model. This method 
avoids the use o f high order polynomials when dealing w ith  s t i f f  systems.
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2.7 Conclusion
Since the commercial development o f PSA, the use o f adsorption separations 
in  the chemical industries has become increasingly popular. The need fo r  a 
theore tica l understanding o f PSA processes has th e re f ore become 
increasingly im portant. Furtherm ore, the search fo r  optim al operation has 
led to  a number o f complicated cycle configura tions. This means accurate, 
robust and fle x ib le  models are required. Despite the increase in  the speed 
and the reduction in costs o f computers, the resu lting  sets o f s t i f f  
d if fe re n tia l equations s t i l l  require  e ff ic ie n t num erical in teg ra tion  
techniques.
The e a rlie r mathematical models were based on equ ilib rium  theory and the 
e ffec ts  o f mass tra n s fe r resistance were ignored. The v a lid ity  o f 
equ ilib rium  theory has been confirm ed experim enta lly fo r  a ir  separation on 
a 5A zeolite  by Flores-Fernandez and Kenney (1983). However, as fo r  
adsorption o f CO on s ilica  gel and a ir  separation on a carbon m olecular 
sieve, k ine tic  e ffec ts  were found to  be an im portan t fa c to r. Furtherm ore, 
the equ ilib rium  theory is re s tric te d  to  a system where the: separation 
depends on a d iffe rence in adsorption equ ilib rium . This is  c le a rly  not the 
case fo r  a ir  separation on CMS where the adsorption e q u ilib r ia  o f O and Nz 
are almost identica l.
In the e a rlie r models, although i t  was appropria te  fo r  the systems i t  was 
applied to, the adsorbable component was assumed to  be present only a t low 
concentration in  an in e rt ca rr ie r. The gas ve locity is thus regarded as 
constant along the length o f the column during product release and purge.
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This assumption is ce rta in ly  not applicable to  a ir  separation on CMS 
adsorbent, because the va ria tion  in  the gas ve locity due to  adsorption is 
s ign ifican t.
The model by Hassan et al (1986) on a ir  separation using a CMS adsorbent is 
o f p a rtic u la r in te rest to  the present research. However, th is  model 
includes a frozen solid assumption fo r  the pressure-changing steps. 
Furtherm ore, the linear mass tra n s fe r ra te  coe ffic ien ts  recommended by 
Nakao and Suzuki (1983) are only applicable when the PSA system reaches 
steady state.
This research aims to  derive a more accurate and robust model in  view o f 
the increasing demand o f PSA a ir  separation to  produce n itrogen. The lack 
o f lite ra tu re  fo r  models on th is  process also encourages the s im ulation o f 
a number o f the more complicated cycle configura tions which are cu rre n tly  
in  use.
The theory o f th is  model is detailed in  Chapter 3. Chapter 4 presents the 
application o f Im p lic it Euler to  the Method o f C haracte ris tics fo r  a PSA 
model and its  advantages over the commonly used e x p lic it in teg ra tion  
techniques.
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CHAPTER 3
THEORY
3.1 In tro d u ctio n
This chapter lis ts  the assumptions used fo r  the D iffus ion  Control Pressure 
Swing Adsorption (DCPSA) model. Some o f these assumptions were discussed 
in Chapter 2. A de ta il derivation  o f the model using these assumptions is 
also included. The method o f so lu tion used fo r  solving the model is 
presented in  Chapter 4.
3 .2  Model Assumptions
The im portant assumptions made in  the development o f th is  model, are
summarised below:
1) the feed gas consists o f tw o  adsorbable components w ith  no ine rts
present,
2) the gas phase fo llow s the ideal gas behaviour,
3) the process operates isotherm ally,
4) the gas passes through the columns in plug flo w ,
5) ax ia l dispersion may be neglected,
6) rad ia l d iffu s ion  and w a ll e ffe c ts  may be ignored,
7) there is no pressure drop across the column,
8) a lumped parameter, linea r d riv ing  fo rce  is applicable fo r  mass 
tra n s fe r between the gas and adsorbed phases,
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9) linear, Langmuir pure gas and Langmuir b inary co-adsorption isotherms 
may be used to  describe the adsorption equ ilib ria , and
10) the columns are completely and un ifo rm ly  f il le d  w ith  identica l 
spherical adsorbent partic les.
3.3  D eriva tio n  o f Model Equations
Figure 3.1 below shows the essential term s and geometry fo r  the convective 
mass balances which can be w ritte n  fo r  oxygen (component A) and n itrogen 
(component B). A ll the variables used below are described in  the 
nomenclature lis t.
B a s is  F o r The D i f f e r e n t i a l  Mass B a la n c e
Colum n C ro s s  S e c t io n a l A re a , A 
I n t e r p a r t i c l e  V o id a g e , e 
P acked  A d s o rb e n t D e n s ity ,  w/
#p
d (#p  ) 
A Sz
note th a t ,  # re p re s e n t th e  v o lu m e t r ic  f l o w  r a te  a t p re s s u re  P and 
p re p re s e n t th e  o xyg e n  p a r t i a l  p re s s u re .
A
F ig u r e  3. 1
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Based on a m olar f lo w  ra te  (kmol s” 1), the m ateria l balance fo r  component 
A over an element in  the column gives,
Amount In = Amount out + Accumulation w r t  tim e + Rate o f adsorption
in gas phase
#p
RT
# P A 9 f * PA ] a
r *\
P a 1 9qA
8z + — Ae6z — + AwSz ----- (3.4)
i— H 0
5 N RTV, J at RTV. J at
which on co llecting  term s gives,
d J. a
 JL. + Ae — -  + AwRT — -  = 0
dz
dh
at
* h
at
(3.5)
S im ila rly  fo r  n itrogen (component B) balance,
a (#p )
 — + Ae — -  + AwRT — -  = 0
8z
ah
at at
(3.6)
Addition o f Equations (3.5) and (3.6) w il l  y ie ld  the fo llo w in g  mass balance 
equation,
a# AwRT f aq dq } A—  = - Awp' + --------
dz P at at ^ j
(3.7)
where
1 ap 
P at
Note th a t Equation (3.7) may also be obtained pure ly by an overa ll mass 
balance on the o rig in a l element o f the column.
The equation obtained fro m  the d iffe rence  between Equation (3.5) and 
Equation (3.6) is,
As discussed in  Section 2.5.3 and Appendix A, the simplest non-equilib rium  
theory fo r  adsorption uses a lumped parameter, linear d riv ing  fo rce  
expression as fo llow s:
9qAfo r  oxygen   = K a ( p -  p ) (3.9)
S t OA A A
aq
B *and fo r  n itrogen -----  = K a ( p -  p ) (3.10)
S t GB B B
* * 1where pa and pg are the p a rtia l pressures in  equ ilib rium  w ith  the
adsorbed phase.
* *
For linear isotherms, pa and p^ can be expressed as:
p* = —  (3.11)
A k
A1
*  %and p = —  . (3.12)
B k
B1
For the pure gas Langm uir Isotherm,
*
9 k PAm A 2 A /qA = ----------------- r  (3.13)
1 + k p 
A2 A
*
q k p
,  Bm B2 B ,0 1 /txand q =  — , (3.14)
B 1 + k p
B2 B
where q and q are defined as the amount o f component A and B adsorbed
Am Bm
at equ ilib rium  respectively. Also k = k q and k = k q^ ,
M ^  J  A1 A2 Am B1 B 2 n Bm
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where k and k are the Henry’ s Law constants and k and k are the 
A1 B1 A2 B2
Langmuir isotherm  constants.
* *
In th is  case pa and pb can be expressed as:
qA , ,p = ----------    (3.15)
A i ik -  k q
A1 A2 A
* qBand p =   . (3.16)
B i ik -  k q
A1 B2^B
However i f  Langm uir b inary isotherms (w ith  co-adsorption) are assumed, 
then
*
q k p
q =  ---------------A m _ A 2 _ A    ( 3  n )
1 + k p + k p 
A 2 A  B2 B
*
q k p
, Bm B 2 Band q0 =  ------------- -  , (3.18)
1 + k p + k p 
A 2 A  B2 B
* *
Pa and pb can then be expressed as:
q k
p = — ------------------ — ----------------------- (3.19)
A k k  - q k k  - q k k
A1 B1 A A2 B1 B B2 A1
q k
and p =----------------------- ^ ^ -------------------   . (3.20)
B k k  - q k k  - q k k
A1 B1 n A A2 B1 mB B2 A1
The basic equations to  be solved fo r  th is  research are fro m  Equation (3.7) 
to  Equation (3.10) w ith  the appropriate isotherm equations used (Equation
(3.11) to  Equation (3.20)). Details o f the in term ediate  algebra fo r  the
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derivation  o f Equation (3.7) and Equation (3.8) are shown in  Appendix B.
Hence, the resu lting  DCPSA model fro m  the above deriva tion  consists o f 
fo u r  p a r tia l d if fe re n tia l equations (PDEs) which have fo u r dependent 
variables, #, pa, qA and q0. Each o f these dependent variables is a 
function  o f tw o  independent variables, d is tan t, z and tim e, t .  The 
to ta l pressure, P, w il l  be specified as an algebraic func tion  o f tim e  fo r  
the pressure changing steps, and assumption (1), above im plies,
P = p + p (3.21)
A B
I t  should be noted th a t Equations (3.9) and (3.10) may be d ire c tly  
substitu ted in to  Equations (3.7) and (3.8), the re fo re  these equations are 
a set o f inhomogeneous, non-linear, f i r s t  order, p a r tia l d if fe re n tia l 
equations, fo r  which there exists a va rie ty  o f techniques fo r ,  th e ir  
num erical solution, which w il l  be discussed in  Chapter 4.
3 .4  C lass ifica tio n  o f the  P a r t ia l D if fe r e n t ia l  Equations
The best way to  c lass ify  a system o f f i r s t  order PDEs is  to  develop the 
concept o f characte ris tics  [Ames, (1977)].
Let the coe ffic ien ts  a ,  a ,  a ,  a , . . . ,  i ,  i ,  i ,  i be
1 2 3  4 1 2 3  4
functions o f z, t ,  #, q , q and p . Consider the simultaneous f i r s t
b * a
order quasilinear system (a quasilinear system o f equations is one in  which 
the highest order derivatives occur linearly ) which represents the problem 
encountered by the DCPSA model:
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a #  + b # + c q + d q  + e q  + f  q + g p  + h  = i
1 Z  i t  1 AZ 1 At 1 Bz 1 Bt 1 Az 1 A t 1
a &
2 z
+ b f t + 
2 t + c q2 AZ
+ d q
2 At
+ e q 
2n Bz
+ f  q2 Bt + g 2P Az + h p =  i2 A t 2
a f t  
3 z
+ b f t .
3 t + c q3 AZ
+ d q
3 At
+ e q
3 Bz
+ f  q3 Bt + g 3P Az + h p =  i3 A t 3
a f t  
4 z
+ b ft
4 t + c q4 AZ + d q4 At + e q4 Bz
+ f  q4 MBt + S 4P Az + h p =  i4 A t 4
(3.22)
(3.23)
(3.24)
(3.25)
When compared to  Equations (3.7) to  (3.10), the coe ffic ien ts  become:
AtoRT
a = 0 , 
2
b = 0 , c = 0 ,  d =l l  i
b = 0 , c = 0 ,  d = -
2 2 2
P
toRT
-  1
e = 0,  l
e = 0,
2
a = 0 ,
3
b = 0 ,  c = 0 , d = l ,
3 3 3
e = 0,
3
a = 0 ,4 b = 0 , c = 0 ,4 4 d = 0 ,4 e = 0, 4
f  = 1
AtoRT
P
toRT p
, gl = 0  , h^ = 0 ,
ft
f 2 D , g2 A ’ h2 1 ’e P Ae
\  = -Atop'  ,
l  =  p  p  2 A
f 3 = ° ’ g 3  =  0  ’ h 3 “  0  • •a  “  K GAa  (  P A -  P A > ’
f 4 = 1 " g = 0 , h = 0 and i  = K a ( p -  p ) .4 4 4 GB B B
Assume th a t the solutions fo r  q , q and p are known fro m  the in it ia l
m a  m b * a
sta te  to  some curve V (assuming d iscontinu ities do not occur). Then a t any
boundary po in t X o f th is  curve, the continuously d iffe re n tia b le  values o f
#, q , q and p and th e ir  d irec tiona l derivatives in  d irec tions below ma b *a
the curve are known.
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Hence, i f  the solution ju s t above X is uniquely determined by the 
in form ation  below and on the curve T, and & , ® , q , q , q , q
Az ‘A t Bz B t
p and p are also known, then a t X we have e ight re la tions, Equations
Az At
(3.22) to  (3.25) and
whose m a tr ix  fo rm  is
d# = & dz
z
+ dt
t
(3.26)
dqA = q dzAz + q dtAt (3.27)
dqB ^ q dz
m Bz
+ q dt
Bt
(3.28)
dpA = p dz
Az
+ p dt
At
(3.29)
a b c d e f g h  1 0 i
l l l l l l & i l z l
a b c d e f g h & i
2 2 2 2 2 2 2 2 t 2
a b C d e f g h q i
3 3 3 3 3 3 3 3 m Az 3
a b C d e f g h q i
4 4 4 4 4 4 4 4 At _ 4
dz dt 0 0 0 0 0 0 q dtf
Bz z
0 0 dz dt 0 0 0 0
^Bt dC1A
0 0 0 0 d z dt 0 o
P Az d q B
0 0 0 0 0 0 d z dt 1< -d P A -
(3.30)
By equating the determ inant o f the m a tr ix  in  Equation (3.30) to  zero and 
substitu ting  the coeffic ien ts  as described above, we have the fo llo w in g  
characte ris tic  equation,
-  (dz) + ----- (dz d t) + 0 (d t) = 0
Ae
(3.31)
which is a quadratic equation in  d z /d t. I f  the curve V a t X has a slope
such th a t Equation (3.31) is sa tis fied , then the derivatives ® , # ,
z t
Az
q , q , q , p and p are not uniquely determ ined by the
A t Bz B t Az At
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values o f ■&, qA> and pa on I \  The d irections specified by Equation
(3.30) are called characte ris tic  d irections; they may be rea l and 
d is tin c t, rea l and identica l, o r rea l according to  whether the
discrim inant
'  V I 2
  -  4 x  1 x  0 (3.32)
Ae J
is positive, zero, o r negative. This is the c r ite r io n  fo r  c lass ify ing  a
system o f equation as hyperbolic, parabolic, o r e llip tic . They are 
hyperbolic i f  Equation (3.32) is positive -  th a t is, has tw o  rea l 
characte ris tic  d irections; parabolic i f  Equation (3.32) is zero; and 
e llip t ic  i f  there are no rea l cha rac te ris tic  d irections. In th is  instant,
i t  is  c lear tha t Equation (3.32) is positive and the re fo re  the derived set
o f PDEs fo r  the DCPSA model is a hyperbolic system.
3.5 Conclusion
This chapter has derived a set o f p a r tia l d if fe re n tia l equations (PDEs),
which w il l  be used to  represent d iffu s io n  contro lled  pressure swing
adsorption. The derived set o f PDEs is c lassified  as a hyperbolic system.
Since oxygen and n itrogen are known to  d iffu se  a t very d iffe re n t ra tes in
BF CMS, these equations are like ly  to  pose d if f ic u l t  problems fo r  a
numerical solution scheme. Chapter 4 describes the development o f a 
numerical method capable o f solving th is  problem.
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CHAPTER 4
NUMERICAL SOLUTIONS
4.1 In tro d u ctio n
The aims o f th is  chapter are:
1) to  discuss the d iffe re n t types o f method o f solution th a t have been 
considered and used in  the modelling o f DCPSA,
2) to  give a detailed discussion on the d iffe re n t types o f in teg ra tion  
technique used w ith  the Method o f C haracteristics, and
3) to  demonstrate the application o f Im p lic it Euler in teg ra tion  along the 
characte ris tics  fo r  the DCPSA model.
4 .2  Method o f  Solution
The model o f d iffu s io n  contro lled  pressure swing adsorption process is  a 
system o f p a rtia l d if fe re n tia l equations (PDEs), which is  derived fro m  a 
set o f mass balance, mass tra n s fe r ra te  and equ ilib rium  isotherm  
equations, as discussed in Chapter 3. This set o f PDEs does not have an 
ana lytica l solution and must be solved by a numerical technique. In 
general, a system o f PDEs th a t needs a num erical solution may e ithe r be 
solved by the o f f in ite  d iffe rence  methods (e.g. Method o f Lines and 
Crank-Nicolson), orthogonal collocation, the Method o f C haracteris tics o r 
by f in ite  elements. The choice o f a suitable method is h ighly dependent on 
the type o f the PDEs, which may be c lassified  as e ithe r hyperbolic,
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parabolic o r e llip t ic  [Ames, (1977)1, (see Section 3.4).
The Crank-Nicolson method is  useful fo r  solving parabolic equations and has 
been w idely used in  chemical engineering problems, fo r  example, when 
dispersion term s are incorporated w ith  mass and heat balance equations. 
The f in ite  element, o r ce ll method, o f solution is w ide ly used in 
e llip t ic  systems. The Method o f Characteristics can be used only on 
hyperbolic systems. Section 2.6 o f Chapter 2 has reviewed the application 
o f d iffe re n t types o f method o f solution to  PSA modelling. Two methods 
have been used concurrently to  solve the DCPSA model: the Method o f Lines
and the Method o f C haracteristics. The fo llow ing  section gives a more 
detailed discussion o f these tw o  methods.
4.2.1 A pplication  o f  th e  Method o f  Lines
The Method o f Lines has been successfully used in  many systems o f parabolic 
PDEs. A recent example o f which is  its  application in  the study o f 
d iffu s ive  tra nsp o rt across synthetic membranes [Bansal (1988)1. The Method 
o f Lines works on any system in  which there  are N independent variables, 
by d iscre tiz ing  the derivatives o f any N - l o f these variables, leaving 
o rd inary  d if fe re n tia l equations (ODEs) in  the Nth variab le  [Davis,
(1984)1. In Bansal’s work, th is  method f i r s t  involves the d isc re tisa tion  
o f the spatia l derivatives, which transfo rm s the PDEs in to  a set o f 
coupled ODEs in  the tim e domain which can be in tegrated simultaneously. 
Several pow erfu l so ftw are  packages, such as DSS/2 [Schiesser, (1976)1 are 
available fo r  th is  method o f solution. The spatia l d isc re tisa tion  fo r  
DSS/2 is also by f in ite  d ifferences. There is, however, more than one
59
in tegra tion  technique available in the tim e domain, such as the
Runge-Kutta and the variable  order, variable step length method due to
Gear (1971).
Although there  were rea l doubts as to  whether the f in ite  d iffe rence  method
could cope w ith  the very high ra te  o f adsorption encountered by the DCPSA
model, the Method o f Lines was used to  attem pt to  solve the system o f
PDEs, using DSS/2. The reasons fo r  try in g  DSS/2 were:
1) to  see i f  i t  was a possible method o f solution fo r  the hyperbolic 
system o f PDEs derived in Chapter 3, and
2) to  save w r it in g  complete so ftw are  fro m  scratch i f  the method is 
f  easible.
The PDEs, Equations (3.8), (3.9) and (3.10), o f DCPSA model were f i r s t
spa tia lly  d iscre tise  using the classical N point, fo rw a rd  f in ite  
d iffe rence  approxim ation to  obtain the fo llow ing  system o f o rd ina ry  
d iffe re n tia l equations in  the N th variable, which is  denote by subscrip t 
(N):
&
Ac
pA(N) pA(N-l) dp ! A(N) -  -./
Az at ( i )
FA(N)F (N)
6>RT PA (N) f dqMA(N) aqMB(N) aq4A(N)
■i
c P at ( i) at (IP at ( n-
(4.1)
dq
A(N)
at
= K a (p  -  p* ) 
GA  ^ A(N) A(Nk
(i)
(4.2)
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where Az is the spatia l in te rva l, (z -  z )/(N  -  1).
N 1
The resu lting  ODEs system were then solved by the Gear’ s method.
The system o f Equations (4.1) to  (4.3) did pose some problems when 
a ttem pting  a solution under DSS/2. Equation (4.2) and Equation (4.3) 
present no problems and may be evaluated f i r s t .  Equation (4.1) requires 
th a t dp / d z \  and the volum etric f lo w  ra te , # are known. d $ / d z  o f
A * ( 1 ) ( N )
Equation (3.7) can be calculated as dq / 9 t |  and dq / d t \  have
ma ( n ) 1 < i ) m b ( n ) 1 < i  )
already been found fro m  Equations (4.2) and (4.3). For the pressurisa tion
step, the f lo w  ra te  a t the closed end o f the column is  zero, so i t  is 
possible knowing d&/dz  fo r  a ll z to  in tegra te  backwards fro m  the closed end 
o f the column to  obtain V fo r  a ll z. This in teg ra tion  was ca rrie d  out by 
using a trapezo ida l ru le  a lgorithm . 9pA/9 z | ^  can be approxim ated since
Pa l ( i )  *S known f ° r  z> as PA | ^ i )  Is th e solution to  the in te g ra tio n  o f
Equation (4.1) fro m  the previous tim e step.
DSS/2 provides a number o f routines fo r  approxim ating the deriva tives o f a 
function  by f in ite  d iffe rence  methods o f varying orders o f accuracy. In 
th is  case a five  point (i.e  N = 5) fo rw a rd  d iffe re n c in g  method was 
employed.
Each po in t in  the column is described by the three coupled ODEs (Equations 
(4.1), (4.2) and (4.3)) derived from  Equations (3.8), (3.9) and (3.10).
Supposing the column is to  approximated by 100 points along its  length then
a system o f 300 ODEs needs to  be solved simultaneously, which can be very 
tim e consuming.
DSS/2 requires th a t three FORTRAN subroutines be provided which w il l:
1) set the in it ia l conditions (IN ITIAL),
2) ca lcu late  the derivatives (DERV), and
3) p r in t  the resu lts  o f the ca lcu lation as the in teg ra tion
progresses. (PRINT)
DSS/2 f i r s t  ca lls IN ITIAL to  set up the in it ia l conditions and then calls
DERV repeatedly to  calculate the new tem poral derivatives as the 
in teg ra tion  proceeds. PRINT is called a t in te rva ls  specified by the user. 
An e x tra  rou tine  PRPLOT was added so th a t the progress o f the solution 
could be fo llow ed graphica lly.
This a ttem pt to  solve the pressurisation step o f the DCPSA model using
DSS/2 was unsuccessful because the f in a l in teg ra tion  scheme became unstable 
and did not converge.
The main reason fo r  the in s ta b ility  is  because o f the s tiffn e ss  (Section 
4.3.3) in  the equations resu lting  fro m  the d iffe rences in  the ra tes  a t
which q and q can change. The hyperbolic equations in  the model can give
A B
rise  to  shock waves (discontinuities in  the values o f the variables o r 
th e ir  derivatives), hence f in ite  d iffe rence  approxim ations fo r  dp /3 z ,
A
even a t high order, w il l  give rise  to  erro rs .
A t th is  stage the Method o f Lines was abandoned in  favou r o f the Method o f
C haracteris tics as described below.
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4.2.2 Application of the Method of Characteristics
A charac te ris tic  is a path o r tra je c to ry  in  the independent variable  space
fo r  which a p a rtia l d iffe re n tia l equation is  reduced to  ord inary
d iffe re n tia l equations. Lapidus (1962) showed th a t rea l characte ris tics  
arise only fro m  hyperbolic PDEs.
To id e n tify  the characte ris tics  o f the system o f PDEs derived in  Chapter 3,
consider a b iva ria te  function  f (z , t ) ,  where its  to ta l deriva tive  w ith  tim e
is
D f = d f  dz d f
D t dz d t  5 t
and its  to ta l derivative  w ith  distance is
(4.4)
D f = d f  + 9 f d t  
Dz dz d t  dz
(4.5)
By comparing Equations (3.8), (3.9) and (3.10) w ith  Equation (4.4) and
Equation (3.7) w ith  Equation (4.5), the hyperbolic PDEs may be reduced 
in to  e ight ODEs as fo llow s:
dPA wRT '  P A dq B
i
<cr
CO
-----  = P AP + - + " 1 - —1 1 ■
d t c P d tV. at j at
(4.6)
dz ® 
d t Ae
(4.7)
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dqA  = K a ( p -  p )
GA A Ad t
(4.8)
dz
d t
= 0 (4.9)
dq.
d t
= K a ( p -  p )
GB B B
(4.10)
dz
d t
= 0 (4.11)
d# AwRT 9q dq
A m b-----  = - Aep' + --------
dz P at atV. J
and (4.12)
d t
dz
= 0 (4.13)
The p A characteristics, Equation (4.6), are lines across the distance,
A
tim e plane w ith  velocity # /Ae, whereas both the sets o f characte ris tics  
a ris ing  fro m  the ra te  o f adsorption (Equations (4.8) and (4.10)) have zero 
ve locity, see Figure 4.1 below:
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Typical characteristics ground curve
T
q & q
A mb
0 t  ------->
F ig u re  4.1
The ® characte ris tics, Equation (4.12), however have in f in ite  ve locity, 
which means they do not propagate w ith  tim e.
Since the in it ia l and boundary values o f & are always known and p , q and
A A
q a t tim e t  are also known, these sets o f characte ris tics  can easily be 
solved by d irec t numerical in tegra tion . The same trapezoidal a lgorithm  was 
used as fo r  the Method o f Lines (see Section 4.2.1).
4 .2 .3  In te rp re ta tio n  o f the  C harac te ris tics
Characteristics should be in terpre ted  w ith  caution. In general,
characte ris tics  are neither s tra ig h t, nor o f constant composition [K irkby  
(1983)]. For process steps which operate a t constant pressure (i.e  p ' = 
0), the equations s im p lify , but the characte ris tics  are s t i l l  not lines
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o f constant composition and are s t i l l  not necessarily s tra ig h t o r para lle l.
Hyperbolic equations are notorious fo r  th e ir  general p roperty o f a llow ing
shock waves to  fo rm  and propagate. A shock wave is a line across which the
dependent variables (or th e ir  derivatives) are discontinuous. In the case 
o f the Equations (3.8) to  (3.10), i t  is possible to  state  th a t shock waves
w il l  not f  orm spontaneously w ith in  the z, t  plane because the
characte ris tic  ve locities are not dependent on pa, qA o r qfi and the re fo re  
characte ris tics  fro m  the same fa m ily  cannot in tersect.
A shock wave fo r  the DCPSA model norm ally  arises when pa is discontinuous
"V
a t the o rig in  (i.e  when z = 0 and t  = 0). In most cases, any
discontinuities introduced in to  the z, t  plane w il l  propagate w ith  tim e.
I t  is possible to  s ta r t  an in f in ite  number o f characte ris tics  fro m  a
discontinu ity, each w ith  a d if fe re n t value o f pA» A ll these
characte ris tics  have the same ve loc ity  and the re f ore the shock wave
propagates a t the same ve loc ity  as these characte ris tics  (F igure 4.2).
Thus, although in th is  system ca lcu la tion  o f the shock wave position  does 
not require  additional computation, its  existence must be co rre c tly  
accounted fo r  in  the ca lcu la tion  o f qA and q^ along th e ir  cha racte ris tics , 
and in the in teg ra tion  o f Equation (4.12). I t  should be noted th a t, since
Equation (4.12) is a func tion  o f pA> then Stf/dz is also not continuous but
& is continuous. This is im portan t because i f  # /A e  is undefined a t the 
shock wave, then the ch a rac te ris tic  ve locities w il l  also be undefined. In
addition to  th is , the shock waves w il l  not necessarily degenerate as a 
resu lt o f th e ir  propagation during  the non-constant pressure steps o f the
PSA process.
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Typical Shock Wave Propagation curve
p c h a r a c te r is t ic
A
S e c tio n  A -A '
T
z
t
-> s h o c k  wave
F ig u re  4 .2
4.3  In te g ra tio n  Techniques along C haracteris tics
D iffe re n t methods o f in teg ra tion  were investigated to  solve the o rd ina ry  
d iffe re n tia l equations along the characte ris tics. These include, the 
e x p lic it Euler, the h igher order Adams-Bashf orth -M oulton
p re d ic to r-co rre c to r and the im p lic it  Euler.
In general, in teg ra tion  techniques such as the Runge-Kutta and Gear’ s 
variable order, variable step length cannot be used d ire c tly  along 
characteris tics. This is because in term ediate  values o f a ll the dependent 
variables are needed fo r  each in teg ra ting  step but they are not generally 
available along characteris tics.
The u ltim a te  choice o f the method used to  solve the DCPSA model depends
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upon a number o f fac to rs , the most im portant fac to rs  are s ta b ility  and its  
accuracy. Quite o ften  these fac to rs  also a ffe c t the speed o f computation 
and memory requirem ents o f the computer.
4.3.1 E x p lic it  E u le r
The use o f e x p lic it Euler along characte ris tics  was investigated.
Consider the general in it ia l value problem,
q’ = f ( t ,q )  (4.14)
A
where q (t ) = q , t  ^  t  < t  ando o ji s
S is the number o f in teg ra tion  steps.
On applying e x p lic it Euler, the evaluated q a t the ( i+ l) th in te rva l is 
expressed as,
q (t ) = q (t ) + h f( t  , q (t )) (4.15)
1+1 1 1 i
where h = ( t  -  t  )/Ss o
This method is e x p lic it because the function, f ,  is  evaluated w ith  known 
in fo rm ation  (i.e  a t the le f t  hand side o f the sub-in te rva l).
In general, a num erical method is unstable i f  the global e r ro r  grows w ith  
increasing values o f the independent variable. The global e rro r  o f 
e x p lic it Euler consists o f tw o  parts: f i r s t ,  being f i r s t  o rder accurate,
the e rro r th a t resu lts  fro m  the Euler method approxim ation can be la rge i f  
the step size in the independent variable is large. The second p a r t is the 
propagation e ffe c t o f the in it ia l e rro r.
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Since the step size must be chosen to  meat s t r ic t  requirem ents fo r  
s ta b ility  and accuracy, a large number o f f  unction evaluation are
sometimes required f  o r the solution to  converge, hence the cost o f 
computation is high. For less w ell behaved problems, i t  is  not
recommended to  be used on its  own. However, i t  may be usefu l i f  i t  is 
used as a p red ic to r in  p re d ic to r-co rre c to r schemes.
4 .3 .2  Low  O rd er P re d ic to r-C o rre c to r Methods
A p re d ic to r-co rre c to r is a method th a t extrapolate the so lu tion  fro m  stored 
values and then corrects the extrapo la tion  using derivative  in fo rm a tion  a t 
the new point. Although fo r  smooth functions, p re d ic to r-co rre c to r methods 
may be more accurate and e ff ic ie n t than the Runge-Kutta methods, , there 
are, however, some disadvantages [Press, Flannery, Reukolsky & 
V e tte rling  (1988)1, fo r  example:
1) huge amounts o f storage space may be required to  keep previously
in tegrated in fo rm ation  which is needed fo r  subsequent in teg ra tio n
steps, especially fo r  the m u ltiva riab le  problem,
2) because the in teg ra tion  uses past in fo rm ation  i t  is  necessary to  s ta r t  
up the in teg ra tion  procedure w ith  some e xp lic it method,
3) i t  is d i f f ic u l t  to  change step size w ithout s ta rtin g  again.
(
The sim plest fo rm  o f p re d ic to r-co rre c to r method is based on tw o  in teg ra tio n  
f  unctions:
1) the e x p lic it Euler p red ic to r step, and
2) the m odified Euler co rrec to r step.
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The m odified Euler scheme, based on the same Equation (4.14) gives,
q (t I 1" * 1’ = q (t ) + £  [ f ( t ,  q (t )) + f ( t  , ,  q(t, ) (n) )1 (4.16)
1+1 I ^  i i 1+1 i+1
where n is  the cu rren t ite ra tio n  number.
This m odified Euler is used as a corrector, and may be applied repeatedly, 
w ith  the re-eva luation  o f the function  Q ^ 1+1) u n til the so lu tion  converges 
to  some specified tolerance, TOL. For example,
q(n> - q01” ”  *  TOL . (4.17)Mi+i Mi+i
When th is  p re d ic to r-co rre c to r method was used on the pressurisa tion  step o f 
the DCPSA model, the solution was w e ll behaved u n til the  overall, mass
-10 3tra n s fe r coe ffic ien ts , K , was increased to  2.5x10 (kmol m )(N kg
GA
s) V o r oxygen, and K , was increases to l.OxlO -11 (kmol m3)(N kg s)-1
GB
fo r  n itrogen. The increase in  the mass tra n s fe r ra tes made the system o f 
equations h igh ly unstable. The in it ia l explanation considered was th a t,
being f i r s t  order accurate, the global e rro rs  may have increased w ith  the
increase in  the overa ll mass tra n s fe r rates.
Several experim ents were carried  out on the p ressurisation  step to
determine the cause o f the in s ta b ility . The resu lts  showed th a t the
solution s ta r ts  to  converge o r to  stab ilise  when the step size was made 
very small (0.1 steps in a 60 seconds process step tim e). This sm all step
size required unacceptable CPU time, approxim ately 400 seconds, a 10 fo ld
increase over lower mass tra n s fe r ra tes (Section 4.4.1 illu s tra te s  the
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application o f th is  lower order p re d ic to r-co rrec to r to  the system o f ODEs 
a t the close end o f the column during a pressure changing step).
The requirem ent fo r  a small step size f  o r the so lu tion to  converge, 
suggests th a t the in s ta b ility  o f the solution may be caused by one o r both 
o f the fo llo w in g  reasons:
1) the s tiffne ss  (Section 4.3.3) o f the system o f equations, and
2) the accuracy o f the in tegra tion  technique.
Since only a m inor m odifica tion  o f the computer code was required  to  
improve the scheme’s accuracy, the program was extended to  a higher order 
p re d ic to r-co rre c to r method to  explore the poss ib ility  o f im proving the 
speed o f solution.
4 .3 .3  H igh O rd er P re d ic to r-C o rre c to r Methods
The p rinc ip le  described above (Section 4.3.1) may be extended to  give 
methods o f a h igher order. The most popular one is the 
Adam s-Bashforth-M oulton scheme.
we obta in
(4.18)
Consider again the in it ia l value problem (Equation (4.14)),
q ’ = f ( t ,q )
I f  the d if fe re n tia l equation is in tegrated fro m  t^ to  t^ ,
i+1
f ( t  , q (t )) d ti i
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To ca rry  out the in tegra tion  in  Equation (4.18), we can approximate 
f ( t , q ( t ) ) by a polynomial th a t in terpo la tes f ( t ,q ( t ) )  a t k points, t  ,
l - i ' t  . I f  the Newton backward fo rm u la  o f degree k -  1i - k + l
[Barnett & Cronin, (1979)1 is used to  in te rpo la te  f ( t ,q ( t) ) ,  then the 
Adams-Bashforth form ulae are generated [Davis, (1984)] and are o f the fo rm
q (t ) = q (t ) + h )  b f  
M i + 1 H i [  J i - j+ l
J = i
(4.19)
In the case o f a three-step form ula , Equation (4.19) become
b f + b f  + b f
1 i 2 1-1 3 1-2
S im ila rly  the Adams-Moulton form ulae are derived as,
q<11+ \ 1 + h \  b j V
j=o
J+i
,(4.20)
and the corresponding three-step Adams-Moulton fo rm u la  is
q (ti + 1> = + h b f  + b f + b f  0  1+1 1 1  2  1-1
On applying Tay lo r’s series expansion about t  and w ith  the appropria te  
algebraic manipulation, the coe ffic ien ts  b^ in  the Adam -Bashforth-M oulton 
form ulae can be obtained. The f in a l th ree  step se m i-im p lic it
Adams-Bashf orth-M oulton p re d ic to r-co rrec to r fo rm ulae fo r  a system o f 
equations are given as [Davis, (1984)]:
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h
23 f  -  16f + 5 f
1 i - l  1-2
Predictor (4.21)
h
and, <1. +
12 i - i
C orrector (4.22)
The co rrec to r, Equation (4.22), may be applied repeatedly, w ith  the 
re-eva luation  o f f  ( t  ,q (n+1>) u n til the solution converges to  some
i + l  i + l i + l  &
specified tolerance as in  Equation (4.17).
Test run  resu lts (Section 4.4.1) on the application o f th is  h igher order 
p re d ic to r-co rrec to r method have shown th a t there  is  no improvement over the 
in s ta b ility  encountered by the lower order p re d ic to r-co rre c to r method. The 
resu lts  also show very l i t t le  improvement in  accuracy.
This outcome has c learly  indicated th a t the in s ta b ility  encountered during 
high overall mass tra n s f er ra tes was not an accuracy problem but a 
s tiffness  problem.
S tiffness o f a system o f d iffe re n tia l equations is  norm ally best solved by 
an im p lic it technique (see section below). However no im p lic it  technique 
has been used on the Method o f C haracteristics fo r  PSA applications. Since 
the use o f e xp lic it methods fo r  the DCPSA model was re s tr ic te d  to  
un rea lis tica lly  low value o f overa ll mass tra n s fe r ra tes, an im p lic it 
Euler technique was developed in an a ttem pt to  e lim inate the in s ta b ility  
problem.
73
4.3.4 First Order Implicit Methods
W ith more than one f i r s t  order d if fe re n tia l equation, the poss ib ility  o f a 
s t i f f  set o f equations arises.
The s tiffness  o f a set o f d if fe re n tia l equation usually occurs when there 
are two o r more very d iffe re n t scales o f the independent variable  on which 
the dependent variables are changing. An a lte rna tive  way o f describing 
s tiffness  is to  say th a t ce rta in  eigenvalues o f the Jacobian m a trix , 
df^/dq^  (see below), have large negative rea l parts  when compared to  
others [Davis, (1984)1. These problems require  special methods fo r  
e ffic ie n t numerical solution. Various authors have suggested th a t the cure 
fo r  s tab iliz ing  s t i f f  equations during in teg ra tion  is to  adopt im p lic it 
methods, where the r ig h t hand side o f the equation is  evaluated a t the new 
function  location [Davis (1984), Hall and W att (1976)1. The sim plest fo rm  
o f im p lic it method is the ‘backward’ o r ‘ im p lic it ’ Euler method.
Again consider Equation (4.14), q ’ = f ( t ,q ) ,  application o f im p lic it  
Euler gives,
q (n> = q + h f( t  , q(n>) . (4.23)Mi + i Mi i+ i Mi+ i
This im p lic it method is found to  be absolutely stable fo r  any system o f 
linear equations. However, being only f i r s t  order accurate, a small step 
size is sometimes needed fo r  accuracy. For a linear equation, the f in a l
fo rm u la tion  is usually rearranged to  be e x p lic it in  the solution, q^ .
In general, d iffe re n tia l equations which model physical systems are not
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linear w ith  constant coe ffic ien ts , and many non-linear equations may have 
to  be solved ite ra tiv e ly  a t each step. One method to  overcome th is  
ite ra tio n  is to  linearise the equations as fo llow s:
df
q = q + h n+i f ( tw  ■qi) + -dq (V  - V
qi
(4.24)
However, i f  the computational load fo r  solving the non-linear equations 
ite ra tive ly  is small, i t  is  more accurate to  do so ra th e r than using 
Equation (4.24) to  linearise i t  (which is an approxim ation). In addition, 
i t  is not always easy to  f in d  d f/d q  a t q^ ,, nor is i t  cost e ff ic ie n t to  
^ evaluate the eigenvalues o f the Jacobian m a tr ix  J (see paragraph below). 
For the DCPSA model, the Newton-Raphson ite ra tive  method was used.
I f  the non-linear equations are linearised by Equation (4.24) then the 
s tiffness  is based upon the eigenvalues o f the Jacobian m a tr ix  J (which 
involves the te rm  d f/d q  in  Equation (4.24)), where
d f
dq.
d f
dq
d f
dq.
d f
dq.
d f
dq.
d f
dq
(4.25)
Hence, a t each step during in tegra tion , the m a trix , (1 -  Jh), has to  be
inverted to  fin d  q j + 1* This is called a se m i-im p lic it method. I t  is  not
guaranteed to  be stable, but i t  usually is [Davis, (1984)].
When the non-linear equations o f the DCPSA model are solved by the
75
ite ra tive  method, the CPU required fo r  running a pressurisation step a t 
high overall mass tra n s fe r coe ffic ien ts  is approxim ately 30 seconds. The 
computation load fo r  using the ite ra tiv e  method is thus the same as those 
run w ith  an e xp lic it E u ler, a t lower overall mass tra n s fe r coe ffic ien ts . 
This ite ra tive  method also avoided the need to  evaluate the Jacobian m a tr ix  
fo r  the DCPSA model, which, can be expensive in term s o f CPU tim e.
4.3 .5  Second O rd er Im p lic it  Methods
W hilst f i r s t  o rder accurate im p lic it methods are very robust, most 
problems w il l  to le ra te  higher o rder methods.
A simple second order method was constructed by tak ing  the average o f the 
e xp lic it and im p lic it f i r s t  o rder methods as Equation (4.16) described in  
Section 4.3.1 [Davis, (1984)1:
q = q + — ( f  + f )
M i + i  ^  l + i  i
(4.26)
This is sim ply the trapezo idal ru le  i f  the function, f , does not depend
on q. S im ila rly , a se m i-im p lic it scheme fo r  a non-linear fun c tio n  can be 
constructed as below:
q = q + -  
1+1 1 2 f(v. ■q.) +
d f
dq (V, - + f(t, - V (4.27)
Again Equation (4.27) is an approximate solution which requ ires the 
evaluation o f Jacobian m a tr ix  J (Section 4.3.3). Therefore, when second
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order, se m i-im p lic it Euler was used in the DCPSA model, the linearisa tion  
technique was also avoided in favour o f the solution obtained by an 
ite ra tive  method.
4 .4  A pplication  o f  Various In te g ra tio n  Techniques on D iffu s io n
C ontro lled  Pressure Swing Adsorption M odel’s Equations
This section w il l  give a detailed account on how the various num erical 
in teg ra tion  techniques, mentioned above, were applied to  the equations o f 
the DCPSA model. Before deciding which in tegra tion  techniques were best 
suited along the cha rac te ris tic  fo r  the DCPSA model, a s im p lified  problem 
was defined where only Equations (4.6) to  (4.11) need to  be solved (Section
4.4.1). Application o f f i r s t  and second order im p lic it E u ler on both 
pressure changing steps and constant pressure steps w il l  be discussed in 
Sections 4.4.2 and 4.4.3 respectively.
4.4.1 A pp lication  o f  P re d ic to r-C o rre c to r and G ear-H in d m arsh  Methods to  
th e  System o f O rd in a ry  D if fe r e n t ia l  Equations a t  th e  Closed End 
o f  th e  Column d uring  Pressure Changing Steps
Since no f lo w  is  possible a t the closed end o f column (by d e fin it io n ), the 
three p a r tia l d if fe re n tia l Equations ((3.8) to  (3.10)) involved in  the 
fo rm u la tion  can be solved as a set o f simultaneous ODEs (Equations (4.6), 
(4.8) and (4.10)) along the characte ris tics  a t the closed end o f the 
column. That is:
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W ith appropria te  in it ia l conditions (as discussed in  Chapters 5 and 6), 
th is  set o f ODEs can be solved in  p rinc ip le  by a ll the in teg ra tion  
techniques described in  Section 4.3.
As shown in the method described in  Section 4.3.1, (low er o rder
p re d ic to r-co rre c to r method) exp lic it Euler in teg ra tion  was applied to  a ll
three equations ( (4.6), (4.8) and (4.10) ) to  obta in the f i r s t  estim ate
o f q , q and p a t t  + St . This estimate was then substitu ted  back to
A B A
the three equations to  obtain th e ir derivative a t t  + St p r io r  to  the 
application o f the se m i-im p lic it m odified Euler co rrec to r step on a ll three
equations. The in teg ra tion  was ite ra ted  u n til i t  converged to  a set 
tolerance, otherw ise St was reduced. An example o f th is  procedure on 
Equation (4.8) fo llow s.
Let the subscript i  denote the present tim e, t ,  and subscrip t i+1, be
the subsequent tim e, t  + St, throughout Section 4.4, then,
dq
q (1) ■ = q + — -  St P red ic to r (4.28)
m a  i + i )  h a  d d t a
( 2 )q
(i +1)
This method was used to  obtain the num erical so lution f  o r the ODEs
resu lting  fro m  applying the Method o f C haracteristics to  the PDEs. I t  has
also been used successfully in  the set o f column end equations, hence i t
was the f i r s t  in teg ra tion  technique used in  the s im ulation o f simple cycles
fo r  DCPSA model. However, i t  was found to  be very in e ff ic ie n t a t high
values o f overa ll mass tra n s fe r coeffic ien ts  (K and K ). The CPU tim e
GA GB
needed to  simulate each pressure changing step a t high values o f overa ll
mass tra n s fe r coe ffic ien ts  (K = 2 .5x lC f10 (kmol m3)(N kg s)-1 fo r  oxygen,
GA
—11 3 —1and K = 1.0x10 (kmol m )(N kg s) fo r  n itrogen), to  converge was
GB
75,000 to  90,000 CPU seconds when run on a Prime 6550 ra ted  a t 12 Mips 
Unpack. This is because o f the enormous reduction (approxim ate ly  100
fo ld ) in  the tim e step required compared to  th a t when a low er overa ll mass 
tra n s fe r coe ffic ien ts  were used (K = 2 .5 x l0 -14 (kmol m3)(N kg s)-1 fo r
GA
-15  3 -1oxygen, and K = 1.0x10 (kmol m )(N kg s) fo r  n itrogen) w h ile  a ll
GB
other parameters were the same, (see Appendix I f o r  a typ ica l simple cycle 
’standard’ sim ulation data.)
The reason fo r  the large CPU times a t high overa ll mass tra n s fe r 
coe ffic ien ts  was thought to  be lack o f num erical accuracy since the 
in teg ra tion  technique is only o f second order. A h igher order 
p re d ic to r-co rrec to r method was thus thought to  be necessary.
A rou tine  based on Adams-Bashforth th ird  order p red ic to r and Adams-Moulton 
th ird  order co rrec to r method was w ritte n  (Section 4.3.2). For example,
d q
dC1A
1 5 t
A — C orrecto r (4.29)
d tV. (i) d t (i+i) 2
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the p red ic to r step fo r  the Equation (3.9) is as fo llow s:
m
q A U  + i )  A(i )
St f dqA23 — - dC1A -  16 — * dc,A + 5 ------
12 d tV. 0) d t < i- i) d t (i-2) ;
(4.30)
and the subsequent calculation is carried  out by the co rre c to r is,
( 2 )
A ( i  +1 ) A(l)
St f ^ A5 — dC1A + 8 — -
12 d t ( i+ i) d t (l) d t (i-D /
(4.31)
Notice th a t th is  higher order p re d ic to r-co rre c to r method has one obvious 
disadvantage in th a t i t  needs another in teg ra tion  method such as the Euler 
o r m odified Euler method to  get started . This could be one o f the reason 
why no d ras tic  improvement in computer load was found using th is  method 
over the low er order p red ic to r-co rrec to r method described previously.
Since both p red ic to r-co rrec to r methods above required  excessive CPU tim e, 
i t  was decided to  investigate im p lic it methods. The Nag L ib ra ry  supplies a 
variable  order, variable step length Gear's method in te g ra to r [D02EBF, 
Nag L ib ra ry  (1983)1. The routine solves the equations simultaneously w ith  
variable  order to  achieve the required accuracy, and w ith  variab le  step 
length to  m inim ize the computer load. Three subroutines need to  be 
supplied by the user, they are:
1) FCN, which evaluates the fu n c t io n - f ,  (i.e. the derivatives).
2) PEDERV which evaluates the Jacobian m a tr ix  o f the system (i.e . the
p a rtia l derivative d f ^ / d q j
3) OUTPUT which allows access to  in term ediate values o f the computed
s o l u t i o n .
This method used about a thousand times less CPU tim e than the e x p lic it
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methods described above. However, the Gear-Hindmarsh in tegra tion  method 
cannot be used along characte ris tics  in  general, due to  the need fo r  
interm ediate values which are not generally available when the fam ilies  o f 
characte ris tics  o f d iffe re n t equations do not coincide.
The main d iffe rence  between the p re d ic to r-co rre c to r methods used, and the 
Gear’ s rou tine  is th a t the fo rm e r methods used the fo rw a rd  o r e xp lic it 
p rinc ip le , whereas the la t te r  used the backward o r im p lic it  princ ip le .
When both methods were used in  sim ulations o f the closed end o f the column, 
there  was a problem a t low er overall mass tra n s fe r coeffic ien ts . There is 
l i t t le  d iffe rence between the tw o methods in  term s o f accuracy, s ta b ility  
and CPU usage. However, when both methods were applied on higher overa ll 
mass tra n s fe r coe ffic ien ts  as before, the Adam-Bashf o rth-M oulton
p re d ic to r-co rrec to r method yet again run  in to  an in s ta b ility  problem as 
experienced by the lower order p re d ic to r-co rre c to r method. The solution 
only become stable when an extrem ely small step size was taken 
(approxim ately 0.01 second step size fo r  a 60 seconds process step tim e  and 
approxim ate ly 1.0 second CPU is required fo r  each tim e step, g iv ing  a 
to ta l o f approxim ately 6000 seconds CPU).
However, Gear’ s method had no d if f ic u l ty  in  obtain ing a stable solution 
w ith in  the same CPU loading as when solving the problem w ith  a low er 
overa ll mass tra n s fe r coeffic ien ts . The to ta l CPU in  th is  case was 
approxim ately 3 seconds.
From these sim ulation resu lts, i t  can be concluded th a t high values o f 
overa ll mass tra n s fe r coe ffic ien ts  cause in s ta b ility  in  the e x p lic it
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numerical methods, and i t  is the d iffe rence  in the overall mass tra n s fe r 
coe ffic ien ts  which causes the s tiffness .
Im p lic it methods are w e ll suited to  solve s t i f f  problems (Section 4.3.3), 
and the im p lic it Gear’s rou tine  has been demonstrated to  be capab ility  o f 
achieving a stable solution, requ iring  sm all CPU tim es, when compared to  
the p re d ic to r-co rrec to r methods. Hence an im p lic it method which can be 
applied generally to  the Method o f C haracteris tics was required.
The simplest in teg ra tion  technique along the ch a rac te ris tic  is im p lic it 
Euler (Section 4.3.3). Although the use o f im p lic it  Euler in teg ra tion  
techniques fo r  solving s t i f f  problems has been w e ll documented [e.g (Davis, 
(1984)1, its  use w ith  the Method o f C haracteris tics is not w e ll known, 
and is almost ce rta in ly  unique in  PSA research.
4 .4 .2  A pplication o f  Im p lic it  E u le r to  th e  Gas and Solid Phase 
Equations along th e  Column on Pressure Changing Steps
The implementation o f im p lic it Euler is illu s tra te d  in  the fo llo w in g  
example on the gas phase equation where e ithe r linea r o r Langm uir isotherms 
were assumed.
The gas phase Equation (4.6) to  be solved is,
dp wRT 
A / ^ '  P A
aq ]
B d%  ]
-----  = PAP7 + ------ ' ' +  ——-
dt e P at at > at
The im p lic it Euler method o f step length 5 t is
82
D = D +
A ( i + 1 ) A(i)
dP,
d t
6t
(i+i)
(4.32)
where, 
dP.
d t ( i + D
“  P P +* A ( i + l )  M i + 1 )
wRT p
H A(1+1)
r aq aq 1
A B _ ^ A
e P ( i + 1 ) at atV. J ( i + D  at ( i + D
(4.33)
at ( i+D
= K a ( p -  p )
GA * A(  i + 1)  A( 1 +1 )
(4.34)
dqr
at ( i + 1 )
= K a ( P -  p - p  )
GB ( i + 1 )  * A ( 1 + 1 )  ^ B U  + l )
(4.35)
*  *
p and p were calculated fro m  the equilib rium  isotherm  fro m  q
a  ( i + 1 ) b ( i + 1 ) M
and q a t tim e t  + 6 t.
B
On substitu ting  Equations (4.34) and (4.35) in to  Equation (4.33) gives,
2 „  a p + / 3 p  +3r = 0r  A ( i  + i ) ' 4 a ( i + 1 )  2 (4.36)
Where a , and y ^  are constants derived in  Appendix C.
Substitu ting Equation (4.36) back in to  Equation (4.32) gives,
P = P +* A ( i + l )  A(I) (  “ P A ( i t l )  + P P A ( . M ,  +  7 )
at
which on rearrang ing becomes,
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ap2 + bp + c = 0 . (4.37)
A ( 1 +1 ) A ( i + 1 )
Again, a, b and c are derived in  Appendix C
Since Equation (4.37) is  a simple quadratic equation, the so lu tion fo r
p is thus,
A ( i +1 )
-  b ± ' J  (b 2 -  4ac) 
p / =   (4.38)
A ( I + 1 )  0
2 3
2
Since there  are tw o  rea l solutions fo r  p i f  b > 4ac, a c r ite r io n
A ( i +1 )
was needed to  choose the appropriate solution. As discussed ea rlie r, 
although more p repara tory  w ork is usually needed to  use the im p lic it 
method, i t  is more stable, and la rg e r step, lengths cam be used when s t i f f  
problems arise. As fo r  the solid phase, Equations (4.8) and (4. Ip ) are 
less complicated, a second order im p lic it m odified Euler was used, and 
the f in a l fo rm u la tion  ( fo r  the linea r isotherm assumption) was also less 
complicated than the gas phase equation as shown below:
<r
q , =   (4.39)
A ( i +1 )
where <r and X are derived in  Appendix D.
With the Langm uir isotherm , the solid phase fo rm u la tion  o f the  second 
order im p lic it method gives rise  to  a quadratic fo rm , s im ila r to  the gas 
phase fo rm u la tion  (4.37), th a t is:
dq2 + eq + f  = 0 (4.40)
A(i +1) HA(I + 1)
84
where d, e and f  are derived in  Appendix D.
Equation (4.40) is quadratic when the Langmuir isotherm  assumption is used, 
hence the solid phase equation is no longer linear. The non -linea r fo rm  o f 
the gas and the solid  phase equations may be linearised using the method 
described in  the Section 4.3.3. The quadratic fo rm u la tion  was used, 
instead o f the linearised fo rm , because the rearrangement given above is 
exact.
When the isotherms are assumed to  be linear o r independent pure gas 
Langm uir equations, i t  is re la tive ly  easy to  rearrange the im p lic it  Euler 
form ulae to  an e x p lic it fo rm  (shown above) and hence ca lcu late  d ire c tly  the 
gas and adsorbed phase compositions. However, when the isotherm s are 
coupled by co-adsorption e ffec ts  the rearrangement o f the im p lic it  Euler 
equations, to  provide a set o f e xp lic it equations fo r  so lu tion  is 
impossible. The com plexity o f the solid phase problem (Equations (4.8) and 
(4.10)) is illu s tra te d  below:
The co-adsorption isotherm  equations o f q^ and q^ are,
*
qA (4.41)
*
and, %B (4.42)
and inversion, a fte r  some rearrangement yields
*
(4.43)PA
B B2 A1
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Applying im p lic it Euler in tegra tion  over the tim e in te rva l fro m  t  to  t  + 5 t 
yields,
q = q + k a5t 
MA(i+l) m a (D ga
q k
n A ( I + l )  B1
A(i+1) k k - q  k k - q  k k
A1 B1 A ( i + 1 ) A2 B1 n B ( i+ l )  B2 A1
(4.45)
q , = q + k aSt
n B(i+D B(i) GB
q k
B ( i + 1 ) B1
B(i+1) k k  -  q , k k  - q  . k k
A1 B1 A ( i + 1 ) A2 B1 MB ( l+ l )  B2 A1
(4.46)
Solving Equations (4.45) and (4.46) simultaneously w ith  known values o f 
p , 4 and p , ( = p -  p ) gives cubic equations.
A(l+1) BO+l) (i+1) A(i+1) 6  M
3 2
a Q .  . + a c l .  . + a q + a = 03 A ( i  + 1 )  2 A ( i  + 1 )  1 A ( i +1 ) 0 (4.47)
3 2and b q  + b q  + b q  + b = 0
3 B ( i +1 ) 2 B ( i + 1 ) 1 B ( 1 + 1  ) 0
(4.48)
Appendix E gives the detailed derivation o f Equations (4.47) and (4.48) and 
a ll the expressions fo r  the term s a to  b .0 3
Since the resu lting  equations are cubic, the Newton-Raphson method (also 
described in  Appendix E) was used to  determine num erica lly the appropria te  
roo t. In th is  work, i t  was almost always possible to  provide a very good 
s ta rtin g  guess to  th is  procedure and to  avoid the poss ib ility  o f po in t o f 
in fle c tio n  a t the roo t. Hence rap id  convergence is to  be expected. 
Chapter 6 gives an example o f the sim ulation o f a norm al purge cycle where 
Langm uir isotherms w ith  co-adsorption were assumed.
4.4.3 A p p lic a tio n  o f  the  Im p lic it  E u le r Method to  th e  C onstant P ressure 
Steps
The assumption th a t there is no pressure change w ith  respect to  tim e, i.e.
d P /d t = 0, reduces Equation (4.6) to  a s lig h tly  sim pler fo rm  as fo llow s:
d p  wRT
A _
aq 1
+ . f ! * ’
d t  e P atV. at j at
However, the fo rm u la tion  fo r  the gas phase equation (Appendix F) using the 
im p lic it Euler method was not found to  be any sim pler than the one used in 
v both the pressurisation and the depressurisation step (Appendix C). In the 
pressurisation step, when the linear isotherm  assumption is used and the 
feed composition does not varies w ith  tim e, an ana ly tica l so lu tion fo r  the 
solid  phase equations a t the feed end o f the column is possible.
S im ila rly , fo r  the constant pressure step, an ana ly tica l so lu tion  fo r  the
solid  phase equation a t the feed end o f the column was also fo rm u la ted  
(Appendix G).
A fte r  some p re lim ina ry  tes t runs on the newly developed product release
step, again the im p lic it method was more e ff ic ie n t than the e x p lic it
method in  term s o f both solution s ta b ility  and com putational load,
especially fo r  the higher values o f overa ll mass tra n s fe r co e ffic ie n t
mentioned above. For high values o f the feed vo lum etric  f lo w  ra te  (e.g ^  
- 4  3 - 1= 1.013x10 m s ) the concentration p ro file  in  the bed a fte r
pressurisation w il l  be quickly displaced by the feed (i.e  the bed is
saturated a t the feed composition), whereas fo r  much low er values o f the
—8 3 — 1feed vo lum etric  f lo w  ra te  (e.g ^  = 1.013x10 m s ) ,  a po rtion  o f the
bed (nearer to  the product end) may experience no flo w , th is  is  because
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the local ra te  o f adsorption is s ig n ifican t compared w ith  the local
vo lum etric f lo w  ra te  (see fu r th e r discussion in  Chapter 5).
4.5 Conclusion
This chapter has presented several num erical techniques th a t were
implemented along the characteris tics. These include:
1) Method o f Lines
2) E x p lic it Euler
3) The simplest, e xp lic it Euler -  p red ic to r and m odified Euler -
co rrec to r method. The solution obtained fro m  using th is  technique 
became unstable a t high but not un rea lis tic  overa ll mass tra n s fe r
coe ffic ien ts  (Kga = 2.5x10 10 (kmol m3)(N kg s ) 1 fo r  oxygen, and Kgb
= 1.0x10 11 (kmol m3)(N kg s) 1 fo r  n itrogen).
4) T h ird  order Adam -Bashforth-M oulton p re d ic to r-co rre c to r method. 
Although there is some improvement in  accuracy, no improvement in  the 
so lu tion ’s s ta b ility  was observed.
5) The variable  order, variable step length Gear's rou tine . This 
im p lic it method fu l f i l ls  both the accuracy and s ta b il ity  c rite rio n . 
However i t  can only be applied on the closed end problem (Section
4.4.1) where a ll interm ediate values are available.
6) The im p lic it Euler technique. The application o f th is  technique to  
PSA modelling is unique and has overcome the problems o f an unstable 
solution and excessive computational loads. However, i t  is only 
f i r s t  order accurate. In addition, the im p lic it equations can be 
ra th e r d if f ic u l t  to  rearrange to  e x p lic it equations. A ro o t searching 
rou tine  is then required to  solve the e x p lic it equations.
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Therefore i t  is concluded th a t the im p lic it Euler technique is the most 
suitable method fo r  the DCPSA model. Hence the f in a l DCPSA so ftw are  is 
based e n tire ly  on th is  im p lic it technique. The fo llo w in g  chapters w il l
describe the so ftw are  and present the s im ulation resu lts  obtained fro m  
using the so ftw are  to  simulate a wide va rie ty  o f PSA process cycles.
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CHAPTER 5
SOFTWARE DEVELOPMENT AND PROGRAM STRUCTURE
5.1 In tro d u ctio n
This chapter describes the additiona l process assumptions made in  the DCPSA 
model, th a t is , the va ria tion  o f pressure w ith  tim e, process symmetry, 
product m ixing and the presence o f argon. I t  then explains how the values 
o f the k ine tic  equ ilib rium  param eters required fo r  the sim ulations in  
Chapter 6 were estimated fro m  published lite ra tu re . I t  also discusses the 
boundary conditions fo r  each process step before moving on to  describe the 
phenomena o f f lo w  reversal during the product release step, which has not 
been encountered by other PSA m odeller before.
The DCPSA so ftw are  comprises o f 40 F o rtran  77 routines. These rou tines are 
not described in de ta il here. A complete program lis tin g  is  given on the 
m icrofiche a t the end o f th is  thesis. However a b r ie f  descrip tion  o f the 
program s truc tu re  w ith  its  overa ll process cycle convergence is given.
5.2 Process Assumptions
In order to  apply the various in teg ra tion  techniques along charac te ris tics , 
described in Section 4.3, to  the d if fe re n t process steps in  the DCPSA 
model, i t  is necessary to  make add itiona l process assumptions concerning
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the following:
1) va ria tion  o f pressure w ith  tim e,
2) process symmetry,
3) product m ixing, and
4) presence o f argon.
5.2.1 V a r ia tio n  o f  P ressure w ith  T im e
For pressure changing steps, i t  is necessary to  supply an expression fo r  
the va ria tion  o f process pressure w ith  tim e. For pressurisation and 
b a c k fill steps, i t  was assumed th a t the pressure varied lin e a rly  w ith  
tim e. Hence, as the pressure changes fro m  in it ia l operating pressure, 
P , to  the f in a l operating pressure,. Pf , in a process tim e At, the 
pressure a t tim e t ,  P (t), fo r  p ressurisation step is given as,
( P f  "  P i } 1P(t) = P + ----- ---------------
1 At
1 dP
hence p ' , which is  defined a s  becomes,
P d t
P -  P 
f  iP = ----------------------
( P -  P ) t  + P At 
f  1 i
Note th a t P may be replace by P , where P is the required b a c k fil l
f  B B
pressure. Hence i f  Pg is equal to  P then the b a c k fill step w i l l
completely replace the pressurisation step.
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For both co- and coun te r-cu rren t depressurisation, an exponential pressure 
function  was assumed. Hence fo r  the pressure to  drop fro m  Pf  to  in  a 
given process step tim e, At, the pressure function  P(t) is then given by,
P(t) = P ef
1
and p 7 = —  In
At
'T h e  use o f a linear pressure function  fo r  pressurising the column and am 
exponential pressure function  fo r  depressurising the column were shown to  
be a good approxim ation by the experim ental resu lts  obtained by 
Espita lie r-N oel (1988) on a column f i l le d  w ith  5A zeolite. An add itiona l 
advantage o f using the exponential pressure function  is tha t, p 7 is  now a 
constant which improves the computational speed. In the constant pressure
steps, product release and purge, p7 is zero.
Table 5.1 defines the pressure a t the end o f each process step encountered 
in  PSA cycles, where the in it ia l pressure, P , o f a process step in  any 
cycle is defined as the f in a l pressure, P , fro m  the previous step.
p l
p
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Table 5.1 Final Pressure of Each Possible Process Step
F in a l  O p e ra tin g  
P re s s u re , P
f
P ressure  C hanging 
Process S t ep
P
n
P
D
P
L
P
B
P re s s u r is a t io n  
Co c u r re n t  D e p re ssu risa tio n  
D epressu r i s a t  ion  
B ackf i l l
C onstan t P re ssu re
Process S t e p
P P roduc t Re l eas e
H
P
L
Purge
5.2.2 Process S ym m etry
The sim ulations ca rried  out in  the present w ork have assumed th a t the 
process is completely sym m etrical, where w ith in  any complete cycle, a ll 
the columns involved w il l  have the same mass balance, are o f the same size 
and contain identica l adsorbent.
The assumption o f process symmetry g rea tly  s im p lifies  the  process 
sim ulations because the f in a l state o f the column (gas and adsorbed phase 
compositions) autom atica lly becomes the in it ia l conditions fo r  the next 
step. Simulation o f unsymmetrical operation would requ ire  n tim es the
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com putational load (where n is the number o f columns) and g reat care in 
ca rry ing  fo rw a rd  in it ia l and boundary conditions.
Although there  is no strong evidence in the lite ra tu re  showing th a t 
sym m etrical operation is the best possible way to  u tilise  the adsorbent 
e ff ic ie n tly  during  PSA operation.
However, K irkby  (1983) has carried out a study o f unsym m etrical operation 
on both a purge cycle and a b a ck fill cycle, and concluded th a t, even when 
there are m inor d ifferences in the amounts o f adsorbent in  each column, 
the optimum mass balance w ill be s ig n ifican tly  unsym metrical. In such 
cases, the optimum performance fo r  unsymmetrical operation is 
substan tia lly  be tte r than the best production obtainable fro m  the same 
p lan t when operated sym m etrically. The resu lts suggested th a t i t  is  thus 
im portan t to  ensure th a t fo r  symmetrical operation, the adsorbent loading 
fo r  each column should be as accurate as possible and su itab le  th ro tt le s  
always f it te d  so th a t the fin e  tuning can be maintained.
5.2 .3  Product M ix in g
In a PSA p lant, gas fo r  adsorbent regeneration usually comes e ithe r 
d ire c tly  fro m  p a rt o f the desired high pressure product o f the product 
release step (d irec t purging) o r fro m  a b u ffe r tank (m ixed purg ing), where 
fu l l  p roduct m ix ing  is possible. S im ilarly , during b a c k fil l steps, gas 
entering the column can come from  e ither source.
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In the model, i t  is assumed tha t the gas fo r  these steps comes fro m  a 
b u ffe r  tank. This is because, when to ta l product m ix ing  is assumed, the 
tra n s fe r o f shock waves between the columns is e lim inated. This reduces 
the com putational e f fo r t  and memory requirements.
The Simulation o f d irec t tra n s f er would involve boundary conditions in 
which both the composition and the f lo w  ra te  o f the gas tra n s fe rre d  could 
vary w ith  tim e.
E sp ita lie r-N oe l (1988) studied d ire c t purging and concluded th a t, s lig h tly  
less purge is required to  optim ise the product concentration o r y ie ld  when 
d ire c t purge is assumed and confirm ed th is  experim enta lly. The maximum 
oxygen concentration was the same in  both cases. He also showed th a t, a t 
above optimum purge amounts, the mixed purge source was m arg ina lly  
superior. No resu lts  regarding the additional com putational load were 
reported.
Since the d iffe rences between d ire c t and mixed purg ing are m inor and the 
sim ulation o f tra n s fe r o f concentration and ve locity  p ro file s  is much more 
complex and tim e consuming, d ire c t tra n s fe r is  not considered fu r th e r.
5 .2 .4  Presence o f  Argon
The present model is based on the assumption th a t the feed consists o f tw o 
adsorbable components, n itrogen and oxygen. This is because the 
d if fu s iv ity  in carbon molecular sieve fo r  both n itrogen and argon are very
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s im ila r [Chihara, Suzuki and Kawazoe, (1978)]. Hence fo r  the sim ulation 
o f a ir  separation using CMS, the presence o f argon is assumed, to  be 
neglig ib le. Argon is also claimed to  have very s im ila r isotherm s to  oxygen 
both in  term s o f being h ighly linear and th a t s im ila r amounts are adsorbed 
per u n it volume fo r  5A zeolite [K irkby  (1988)1. The assumption th a t the 
a ir  composition consists only o f n itrogen and oxygen was also made by 
Hassan et. al. (1986) in  th e ir  CMS based PSA model.
5.3 P aram ete r Estim ation  fro m  th e  Model o f  Hassan e t. a l. (1986)
The values o f the adsorption param eters and overa ll mass tra n s f er
coe ffic ien ts , used fo r  the modelling, were generated fro m  the w ork
published by Hassan at al (1986). Other physical and process param eters 
used were also selected mostly fro m  the same w ork by Hassan et. al, when 
s im ila r types o f cycle configurations were used.
Hassan et. al. (1986) present theo re tica l and experim enta l resu lts  fo r  
n itrogen separation fro m  a ir  using the Bergbau-Forschung carbon m olecular 
sieve. In th e ir  model they consider a purge cycle but, unlike the present 
w ork, they simulate only the product release and purge steps and th e ir
purge cycle did not a llow  fo r  a continuous f lo w  o f product (see Figure 
5.1).
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The Purge Cycle Configuration of Hassan et. al. (1986)
Bed A 1 2 3 4
Bed B 3 4 1 2
1 P ro d u c t R e lease  3 ) Purge
2 D e p re s s u r is a t io n  4 ) P re s s u r is a t io n
F ig u re  5.1
For depressurisation they assume th a t the adsorbed phase concentration 
v p ro file  does not move, and th a t the gas phase mole fra c tio n s  are fixe d  and 
th a t only the to ta l pressure changes. For p ressurisation  they assume th a t
the adsorbed phase p ro file  is again frozen  but th a t the gas phase p ro file
is compressed in to  a zone a t the top o f the column, o f length LP /P f , and
th a t the res t o f the column is f i l le d  w ith  a ir  a t P . Both these sets o f
f
assumptions are, taken separately, h ighly dubious, but the e rro rs  
introduced may, by coincidence, cancel.
Like the present work, Hassan et. al. assume Langm uir isotherm s. From 
independent measurements, the values o f the constants are given as 
f  ollows.
E qu ilib rium  constant fo r  oxygen, K =
A
9.25
Equilib rium  constant fo r  nitrogen, K =
B
8.90
Saturation constant fo r  oxygen and n itrogen,
^AS~~
- 3q = 2.64 x  10 mol cm
BS
P artic le  density,
P s ~
0.9877 g cm 3
Bed voidage, e = 0.4
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I t  should be noted th a t Hassan et. al. do not e x p lic it ly  state  what the
vo lum etric basis o f q , q and p is, but fro m  th e ir  overall balances
a s  bs  s
i t  is clear th a t a un it volume o f so lid  is intended.
From these values, the param eter values fo r  the present model were
determined as fo llow s:
Adsorbent packed density:
0) (1 -  e) ps kg m 3 column
(1 -  0.4) x  987.7
593 kg m 3 column
Isotherm parameters:
Hassan et. al. uses,
*
where K = b q , and
A A A SqA 1 + b C  + b C
A A B B
#
where K = b q 
b b mbsq,B 1 + b C + b C
A A B B
“3Note tha t Ca and C0 are in mol cm o f gas phase. 
From the above values, b and b have thus become,
A B
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K 9 .2 5
b = —— =  -------------------  = 3.504 x 103 cm3 mol 3
A q 2.64 x  10"3
AS
K 8 .9 0
and b = - 2 -  =    = 3.371 x  103 cm3 mol 3
B q 2 .64 x  10"3
BS
The basis o f the DCPSA model is somewhat d iffe re n t; the adsorbed amounts 
qA and qg are amounts o f adsorbate per un it mass o f clean adsorbent (kmol 
kg 1), and instead o f gas phase concentrations Ca and C^, p a r tia l 
pressures pAand p^ (Pa) are used. Hence fo r  independent pure gas isotherms
o f the fo rm ,
qA =
k p 
Al  A
1 + k p 
A2 A
A 81 8and q =------------------
8 t i1 + k p 
B2 B
the re lationships required to  establish k . k , k and k fo r  use in
A l B1 A2 B2
the present w ork are described as fo llow s:
*
*  ^AH
qr
*
*  ^BH
Pr
p = C RT
A A
p = C RT
B B
Where R = 8.3143 x 106 Pa cm3 mol-1 K-1 and T  = 298 K
Thus the independent pure gas isotherm constant fo r  the DCPSA model are,
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K 9.25
k = — —   ------------------------------------- ------------
A1 p RT 0.9877 x  8.3143 x  10 x  298
= 3.780 x  10"9 kmol k g "1 P a '1
k
K 8 .90
B
B1 p RT 0.9877 x  8.3143 x  106 x  298
= 3.637 x  10 9 kmol k g "1 P a '1
k
k
b 3 .5 0 4  x  103
_   A _ ________________________________
A2 RT 8.3143 x  106 x  298
= 1.414 x  10 6 Pa"1
b 3 .371  x  103
B
n o  /l
RT 8.3143 x  10 x  298
= 1.361 x  10~6 Pa"1
These param eter values, when used in  the present work, represent the same 
pure gas isotherms as used by Hassan et. al. . These param eter values may 
also be used in the Langm uir co-adsorption isotherms equations i f  the 
isotherms used are assumed to  have the fo llo w in g  form :
*  k A i P A
qA = ---------------------1 + k P + k P
A 2 A B2 B
k P
, *  B 1 Band q = ---------------------
B 1 + k P + k P
A2 A B2 B
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Mass tra n s fe r coe ffic ien ts :
In the model by Hassan et. a l., the driv ing  fo rce  expressions are, 
dq,
AH
at
“  - k; )
# *
where qA and qB are re la ted  to  and C0 by the isotherm  expressions
discussed above. Hassan et. al. determine the values fo r  k ’ and k ’ by
A B
using the  expressions,
Q D
k ’ = - £ - ±
A 2r
Q D
and k ’ = —E—E
B 2r
where Q = Q = 1 5  fo llo w in g  the work o f Glueckauf (1955), but they are
A B
trea ted  as experim enta lly f i t te d  parameters by Hassan et. a l. . The 
published values fo r  the d iffu s io n a l tim e constants are,
D
—  = 3.7279 x  10-3 s"1
2r
D
B -4  -1~  = 1.1715 x  10 s
2r
and the range o f values o f the dimensionless parameters Q are determ ined to  
be,
11.0 < n < 16.0
A
49.5 < Q < 92.5
B
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The basis fo r  the determ ination o f parameters ft is the f i t t in g  o f th e ir  
model to  th e ir  experim ental resu lts  fro m  a PSA unit.
In the present work, the d riv ing  fo rce  expressions are:
3q.
— -  = K a l p
a t GA ( PA -  PI )
3qBand   = K a l p  -  p
at CB (  P B ‘  P B )
In order to  compare models, values o f K a and K a have to  be determ ined
GA GB
fro m  the above data. However since the d riv ing  fo rce  expressions are 
‘ d iffe re n t, d ire c t comparisons can be made only a t low p a r t ia l pressure, 
where a ll the isotherms are approxim ately linear. The low  p a r tia l pressure 
assumption gives,
k ’ b q ft D b q
„  A A AS A A A AS , „ , . - 1 1  _  , , , -1  - 1 „  -1K a = --------------  = ----------------  = 1.4091 x  10 ft kmol kg s Pa
GA _ _  2 _ _  A &p  RT r  p RTs s
k ’ b q ft D b q
and, K a = B S5 = - B B B BS = 4.2603 x  10-13 ft kmol k g ' W
p RT r  p RT
(t
Hassan et. al. give th e ir  p a rtic le  size as 1/8 pelle ts. Assuming the
partic les  to  be spherical w ith  a rad ius o f 1.5875 mm, and given an
in te rp a rtic le  voidage o f e = 0.4, then the in te r fa c ia l area per u n it
volume o f column, a, is given by,
3 ( 1 -  e )
a = -----------------------  » 1134 m 1
r p
Hence in term s o f the present model, the mass tra n s fe r param eter values
which have been estimated fro m  Hassan et. al. are,
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K = 1.2426 x  10~14 Q kmol m kg *s *Pa_1
GA a
K = 3.7569 x  10 16 S7 kmol m kg *s *Pa 1
GB B
where Q and Q are the same as described above.
A B
5 .4  Boundary Conditions
For pressure changing steps (i.e  Pressurisation, Co- and C ounte r-curren t 
Depressurisation and B ackfill), only one end o f the column is  open, hence
no f lo w  a t the closed end is assumed, # = 0 .  Thus the th ree  fam ilie s
c Is
o f cha rac te ris tics  (pA> qA and qB) described in  Chapter 3 coincide and can 
be solved rap id ly  w ithout needing to  locate the position  o f the 
charac te ris tics  fo r  the subsequent tim e steps. The feed composition fo r  
the pressurisation step is set by the user, and i t  is usually set to  the 
composition o f a ir.
For Bottom to  Bottom Bed Pressure Equalisation (BBBPE) and Both End Bed 
Pressure Equalisation (BEBPE) steps, the feed came fro m  the corresponding 
depressurisation step. In these cases, the feed composition was taken as 
the average composition from  the donating depressurisation step. The feed 
composition fo r  the back fill step was taken as the average composition 
obtained fro m  the donating step depending on the type o f cycle 
con figu ra tion  involved (see Section 5.2.3 on pe rfec t m ixing).
The boundary conditions fo r  the constant pressure steps a rise  fro m  
specifying the in le t f lo w  rate and composition. The purge in le t vo lum etric
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f lo w  ra te  was supplied d ire c tly  by the user depending on the amount o f 
purge needed. This purge in le t ra te  was assumed to  be constant throughout 
the purge step. The purge composition was assumed to  be the average 
composition obtained during the previous product release step. During the 
product release step, the in it ia l vo lum etric f lo w  ra te  was specified by 
the user, however, fo r  subsequent cycles, the in le t vo lum etric  f lo w  ra te  
was contro lled by the net product amount needed a t the product end. A t 
high net product amount, the calculated feed ra te  fo r  subsequent cycles 
was kept constant throughout the product release step. When the net 
product amount is set low and the column s ta rts  to  e xh ib it f lo w  reversal a t 
the product end, the feed ra te  was specified as a function  o f tim e in 
o rder to  prevent f lo w  reversal (see Section 5.5). The feed composition fo r  
the product release step was set by the user and was usually set to  the 
same value as the feed composition fo r  the pressurisation step.
The boundary conditions fo r  each process step used in  the sim ulations in 
Chapter 6 are summarised in Table 5.2 below:
Table 5.2 Boundary Conditions Sum m ary
Step Known conditions C h a ra c te ris tic  Equations
dz
Pressurisation $  =  0
L d t Ae
p ' > 0 & known Aep' +
AwRT [ dq dq 
m a  b
dz P at ' at
dp
A
u)RT
d t
= p p '  + 
A
£
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Product Release ■& & p known
o AO
p' =  0
Depressurisation & = 0
p ' < 0 & known
# & p known
L AL
Purge
p ' = 0
Co-current 
'  Depressurisation p ' < 0 & known
dz
d t
d#
dz
dP,
Ae
AwRT f  3 q ;
at at
wRT
f (qA, qB. PA )
d t  e
As pressurisation above
As product release above
As pressurisation  above
B ack fill
py > 0 & known
where f(q  , q , p ) =
A B A
f  ^q,
As pressurisation above
at
aq }
B
at at
5.5 F low  Reversal d u r in g  P roduc t Release
In the course o f running the model to  sim ulate a simple cycle, i t  was 
discovered th a t the model fo r  the product release step was v io la ting  its  
own boundary conditions.
I t  had been assumed in it ia lly  th a t product release could be simulated by 
provid ing any volum etric f lo w  ra te  in to  the bottom  o f the column, and th a t 
th is  would resu lt in a positive f lo w  out o f the top the column. The
105
simulations showed th a t th is  assumption was not tru e  under a ll conditions. 
Consider, fo r  example, a product release step which s ta rts  a fte r  a rap id  
pressurisation so th a t the amount adsorbed in  the column is fa r  below being 
in equ ilibrium  w ith  the gas phase loca lly  o r overa ll in  the column. I f  
then the product release step s ta rted  w ith  a very low  vo lum etric flo w  ra te  
in  a t the bottom o f the bed, i t  was found th a t in  some regions o f the 
column the local ra te  o f adsorption was g rea te r than the vo lum etric  f lo w  
ra te  w ith in  the column. In th is  case, the flo w  ra te  a t the top o f the 
column was calculated to  be negative. The model was p red ic ting  th a t gas 
must be drawn in a t both the bottom and top simultaneously in  order to  
m aintain a constant to ta l pressure.
This s itua tion  is not encountered in  p ractice  because feed is  drawn on 
demand so as to  m aintain a nearly constant positive f lo w  ra te  out o f the 
top o f the column.
Therefore i t  was decided to  reprogram  the boundary conditions fo r  the 
product release step so th a t i f  the model predicted th a t f lo w  reversa l had 
occurred, then th a t in teg ra tion  step was res ta rted  w ith  an increased 
volum etric f lo w  ra te  (the increment was equal to  the absolute value o f the 
negative vo lum etric f lo w  ra te  experienced), a t the bottom  o f the column. 
This procedure was repeated w ith  successive increases in  f lo w  ra te  u n til 
the flo w  ra te  everywhere w ith in  the column was positive.
This procedure solved the problem o f reverse f lo w  fo r  a ll tim es and 
positions w ith in  the column during product release but created a second 
problem: i f  the overall amount o f product released was to  be contro lled  to
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some desired value, i t  had to  be possible to  reduce the feed ra te  again a t 
some la te r stage o f the product release step (once the ra te  o f adsorption 
had subsided and the in le t f lo w  did not have to  be so high in  order to  
prevent reverse flow ).
To accommodate th is  problem, an a lgorithm  was w r itte n  to  in tegra te  the 
amount o f gas entering the column, and to  reduce the flo w  in to  the column 
u n til the cu rren t average f lo w  ra te  in to  the column was equal to  the
constant f lo w  ra te  o rig in a lly  desired fo r  the step.
5.6 O ve ra ll Convergence
I t  is desirable to  use the program  so th a t the user can specify the net
product amount. An in it ia l guess o f the in le t vo lum etric f lo w  ra te  - during  
product release has to  be specified so th a t the gross amount o f gas
released is s u ffic ie n t to  supply gas to  the purge and b a c k fil l steps and 
leave exactly the desired amount o f net gas released.
A proportiona l plus in teg ra l (PI) contro l a lgorithm  was used in it ia l ly  
because th is  method had been h ighly successful on the equ ilib rium  model o f 
K irkby (1983). The contro l scheme works as fo llow s: the user supplies a
set point amount o f net product released per p a rt cycle, and a t the end o f 
each p a rt cycle the program applies the PI a lgorithm  to  the e rro r  between 
the set point and the actual amount o f net product fro m  the ju s t completed 
cycle. The con tro lle r output is a new value o f the manipulated va riab le  
which, in th is  case, is the mean in le t f lo w  ra te  to  the next product
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release step. The PI contro l equation used is shown below:
n =n
£  ERR(n) '
#(n+l) = -0(1) + PGAIN ERR(n) + —
INACT
Where #(1) = the guessed vo lum etric  f lo w  ra te  fo r  the f i r s t  tim e step
#(n+l)= the calculated vo lum etric  f lo w  ra te  fo r  the next tim e step 
ERR(n)= e rro r  between the set po in t and the actual value 
PGAIN = constant fo r  p roportiona l gain 
INACT = constant fo r  in teg ra l action tim e
I t  was discovered th a t th is  PI a lgorithm  has several disadvantages amongst 
which the problem o f tuning the co n tro lle r is especially d if f ic u l t .  For a 
p a rticu la r cycle, producing a p a rtic u la r amount o f product, optimum 
con tro lle r settings can be found e ithe r by t r ia l  and e rro r o r the Z e ig le r 
Nichols closed loop method [Luyben, (1973)1. However, these optimum
settings change w ith  product amount and cycle configura tion  and hence the 
con tro lle r has to  be retuned a t regu la r in tervals. Meanwhile i f  a ra th e r 
too small value o f in teg ra l action tim e is  used (i.e. too large a value o f 
in tegra l gain) then the in teg ra l te rm  produces an osc illa to ry  response 
which increases g rea tly  the tim e required to  achieve steady state. This 
osc illa to ry  response may also sometimes requ ire  impossibly low  feed ra tes 
to  the product release step and hence cause insurmountable v io la tions o f 
the need to  prevent f lo w  reversal.
An a lte rna tive  method based on polynomial extrapo la tion  was adopted and the 
PI con tro lle r become an optional method fo r  the user. A three point, 
polynomial extrapo la tion  a lgorithm , subroutine POLINT, based on N eville ’ s
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algorithm  [Press et. al. (1988)] was used in  favour o f a tw o  po in t linear 
extrapo la tion  a lgorithm , subroutine LININT (which is also an additional 
option fo r  the user). This is because the fo rm e r was found to  be less 
osc illa to ry  while  marching tow ards steady state. This polynomial a lgorithm  
f i t s  a polynomial to  approxim ate the recent h is to ry  o f the set po in t e rro r, 
ERR(n) -  ERR(n-2), w ith  the in le t vo lum etric f lo w  ra te  o f product release, 
# . Then a new vo lum etric f lo w  ra te  fo r  the next cycle is calculated based 
on th is  f i t te d  polynomial supplied w ith  the desired, zero, value o f set 
po in t e rro r. A rap id  and stable overa ll convergence was obtained.
A
5.7 P rogram  S tru c tu re
The f in a l DCPSA so ftw are  incorporates a ll the process assumptions described 
above as w e ll as the fo llow ing :
1) the assumptions made in deriv ing the boundary conditions fo r  each
process step;
2) the solution orig inated fo r  the reverse f lo w  phenomena encountered in  
the product release step; and
3) the process cycle overa ll convergence methodology which is essential
fo r  a dynamic sim ulation to  reach steady state.
The f in a l so ftw are  consists o f a main routine, CPSA, which is illu s tra te d
in Figure 5.2, and has the fo llo w in g  functions:
1) data is read fro m  a cycle configura tion  and param eter f i le ,  CPSA.DAT
(see Appendix I fo r  a typ ica l simple cycle ’ standard’ s im ula tion
con figura tion  f ile ) ,
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2) a ll the variables in itia lise d ,
3) a ll the equation constants are calculated fro m  the param eters 
estimated fro m  the model o f Hassan et. al. .
4) perfo rm  the s im ulation o f the specified PSA cycle fro m  the process 
step routines:
PSR fo r  pressurisation step,
PDR fo r  product release step,
DPRS fo r  coun ter-curren t depressurisation step,
CDPRS fo r  co -cu rren t depressurisation step,
PURGE fo r  purge step, and 
BCKFL fo r  b a c k fill step.
5) store the output o f previous steps fo r  graphic generation and the 
in it ia l conditions o f subsequent steps,
6) perfo rm  the overall cycle m ateria l balance calculation,
7) execute the selected overall convergence methodology fo r  the 
s im ulation to  reach steady state, and
8) produce the perform ance summary report.
Appendix H lis ts  a ll the routines involved and how they in te r lin k . 
However, the log ic o f how each routine is called, and how many tim es i t  
appears in  the ca lling  rou tine  is  not described in  deta il.
A fron t-end , menu driven FORTRAN program has been w ritte n  to  enable the 
use o f the PSA programs w ith  a minimum o f technical understanding o f the 
solution technique used by the model. This user in te rface  program  also 
allows the user to  create and ed it input data file s . F igure 5.3 shows the 
logic diagram fo r  th is  user in te rface  program.
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Logic Diagram of DCPSA Model Main Routine
PROGRAM
START
YES NEXT
STEP
YES NEXT
CYCLE
STOP
EXECUTE OUTPUT 
FOR
OUTPUT SUMMERY
READ
CONFIGURED
DATAFILE
VARIABLES
INITIALISATION
STORE OUTPUT 
FOR GRAPHICS
CALCULATE
EQUATIONS
CONSTANTS
SUMMERJSE 
CYCLE 
MASS BALANCE
EXECUTE SELECTED
CONTROL MOOE 
MODE TYPE
0  NO CONTROL
1 PI CONTROL
2 UNEAR INT.
3 POLYNOMIAL INT.
SELECT tc EXECUTE 
NEXT STEP FROM:
CDPRS
PURGE
BCKFL
DPRS
PDR
PSR
Figure 5.2
111
V//i
UJ
if)if)
UJOf
Of
8 •«Q  a n *UJ
UJ
u_
UJ
CL
Of
a. I n
< <
UJif)
if)
UJ
Of
UJ
a . Q  y-
u  <  —i . 1.1 O CM
Figure 5.3
112
5.8 Concluding Comments
In th is  chapter, the additional process assumptions have been described 
th a t have to  be made regarding the va ria tion  o f pressure w ith  tim e, process 
symmetry, product m ixing and the presence o f argon. The param eters used 
in the DCPSA model have been derived fro m  the data presented by Hassan et. 
al. . The boundary conditions fo r  both the pressure changing and constant 
pressure steps have been described. The problem o f the f lo w  reversa l a t 
low  net product amount has been described and a robust so lu tion a lgorithm  
presented. Lastly , a polynomial ex trapo la tion  technique has been presented 
which improved the speed and s ta b ility  o f the sim ulations.
Thus a ll the additional in fo rm ation  required to  tu rn  the equations 
developed in  Chapter 3 in to  a complete sim ula tion  o f DCPSA ’has been 
supplied in  th is  chapter. The resu lts  fro m  running the model are presented 
in  the next chapter.
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CHAPTER 6
SIMULATION OF DIFFUSION CONTROLLED PRESSURE SWING ADSORPTION
6.1 In troduction
This chapter presents the resu lts  and deta iled discussion o f the 
sim ulations run on the DCPSA so ftw are . The s im ulation runs are based on 
the parameters estimated fro m  the model o f Hassan et. al. (1986) (see 
Section 5.3). The sim ulation runs include the fo llo w in g  cycle 
configurations:
1) simple,
2) purge w ith  .counter-current depressurisation ( re fe r as norm al purge),
3) purge w ith  co-current depressurisation (re fe r as co -cu rre n t purge),
4) b ack fill,
5) purge and b ack fill,
6) top to  top bed pressure equalisation (TTBPE),
7) bottom to  bottom bed pressure equalisation (BBBPE), and
8) both end bed pressure equalisation (BEBPE).
Each sim ulation run  has its  own cycle con figu ra tion  f i le ,  which is derived 
fro m  the ’standard’ configura tion  f i le  used fo r  the simple cycle (see 
Appendix I). Hence, fo r  the purpose o f presenting the resu lts , only those 
data which are d iffe re n t fro m  the ’ standard’ con figu ra tion  f i le  w il l  be
mentioned. I t  should be noted th a t because the ’ standard’ con figu ra tion
f i le  is used as a basis fo r  a ll o ther cycle configura tions, there  are data
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in  the f i le  which only re la te  to  specific  cycle configurations. Therefore 
these specific data may be ignored by other cycles. A ll the sim ulation 
resu lts  are presented on a per p a rt cycle basis.
The figures generated fro m  the sim ulation resu lts  are presented together a t 
the end o f th is  Chapter.
6.2 Simple Cycle S im ulation
This section presents the resu lts  fo r  the sim ula tion  o f a simple cycle w ith  
operating pressure between 0 and 3 barg. The model was run in  contro l mode 
3 (polynomial extrapo la tion; see Section 5.6), fo r  the ca lcu lation o f 
oxygen concentration in  the product a t an amount o f net product per p a rt 
cycle specified by the user.
6.2.1 E ffe c t  o f  N e t Product Amount
Figure 6.1a shows the p lo tted  resu lts  o f oxygen mole fra c tio n  versus net 
product amount, and Figure 6.1b shows the corresponding n itrogen yie ld. 
As expected, when the net product amount increases (i.e  a t h igher feed 
ra te ), w ith  no change in o ther process conditions, the separation 
capab ility  reduces approxim ate ly exponentia lly u n til almost no separation 
is achieved. In th is  very high product amount the n itrogen yie ld  
approaches 100% .
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When the net product amount is low, the feed ra te  is only s lig h tly  fa s te r 
than the adsorption ra te . This allows most o f the oxygen in the feed to  be 
adsorbed, thus achieving a higher product p u r ity  and fu l ly  u tilis in g  the
adsorptive capacity o f the bed. When the feed ra te  is very low, 1.0 x
*“ 6> 310 m /s , the in it ia l ra te  o f adsorption may even be g rea te r than o r 
equal to  the feed ra te . In th is  case, fo r  the m ateria l to  balance, gas 
w il l  have to  be introduced f  rom the product end u n til the ra te  o f 
adsorption fa lls  below the feed ra te  (see Section 5.5 fo r  f lo w  reversal
phenomena). To accommodate th is  f lo w  reversal phenomena, instead o f being 
confined to  a fixe d  feed ra te  like  most PSA models, the DCPSA so ftw a re  can 
increase the feed ra te  u n til there  is no more f lo w  reversal (see F igure 
'  6 .2 ).
As the specified net product amount increases, a higher feed ra te  is 
required. This means the ra te  a t which oxygen is going in to  the bed is 
very much higher than the overa ll ra te  o f adsorption, thus more unadsorbed 
oxygen comes out w ith  the product.
F igure 6.1a also shows th a t fo r  a simple cycle operating a t the conditions 
shown in  Appendix I, the best achievable separation in  term s o f p u r ity  is
only 92.3% n itrogen and th is  is  achievable a t a very low net product amount
_7
o f 5.0 x  10 kmol. However, the separation can be improved to  98.1% o f 
n itrogen concentration in  the product by adding on a purge step (see 
Section 6.3).
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6.2.2 Concentration Profiles
Figures 6.3 to  6.5 show the resu lts  fro m  a typ ica l simple cycle. Each 
fig u re  shows both the evolution o f the gas phase concentration p ro file  and 
the fa m ily  o f characte ris tics  underlying the calculation.
1) Pressurisation (F igure 6.3): the step s ta rts  w ith  the adsorber
saturated w ith  a ir . The in it ia l concentration p ro file  is  then
compressed w ith  feed a ir . As the feed a ir  compresses the satura ted 
p ro file  down to  the closed end o f the column, oxygen is being 
adsorbed, leaving a zone o f n itrogen rich  gas a t the closed end o f 
the column. F u rthe r increases in  pressure would decrease the size o f 
the zone and would increase the nitrogen concentration w ith in  i t .  
Below the plateau, the oxygen concentration steadily increases back 
to  the feed end o f the column where the adsorbent is v ir tu a lly  in  
equ ilib rium  w ith  the feed composition. The la tte r  observation has 
ce rta in ly  invalidated the frozen  solid assumption.
2) Product Release (Figure 6.4): a shock wave (see Section 4.2.3) is
generated during the product release step but i t  diminishes ra p id ly  as 
i t  moves along the column w ith  tim e. However, i t  should be noted 
th a t in  general the concentration p ro file  has not changed shape much. 
The concentration a t the product release end is  almost constant, 
th a t is, no breakthrough o f the concentration f ro n t  has occurred a t 
th is  ra th e r low  product amount.
3) Depressurisation (Figure 6.5): when the gas is discharged through the
feed end o f the column, the gas in the column moves downward ra p id ly  
and the concentration f ro n t  a t the product end is quickly replaced by
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the feed composition. During th is  tim e, oxygen in  the adsorbent 
s low ly desorbs in to  bulk gas to  replace the discharged gas, hence a t 
the end o f the depressurisation step, the column consists o f a 
un ifo rm  p ro file  which is oxygen rich  w ith  respect to  feed a ir . Once 
again, the sim ulation o f th is  pressure changing step has indicated 
th a t the frozen  so lid  assumption is to ta lly  invalid .
6.2.3 In te g ra tio n  Technique
When e x p lic it Euler was f i r s t  used as an in teg ra tion  technique, the 
so ftw are  encountered immense problems in the pressure changing steps which 
hampered the accurate and e ff ic ie n t calculation o f the compositions in  the 
v ic in ity  o f a shock wave. However, the use o f im p lic it Euler in teg ra tion  
has ce rta in ly  improved the so ftw are ’ s execution e ffic ien cy  w ith o u t 
sa c rific in g  any ca lcu la tion  accuracy. The improvement in  CPU tim e  due to  
the in teg ra tion  technique can be as large as a fa c to r  o f tw o  hundred tim es 
fo r  a simple cycle sim ulation. The most im portan t observations lie  not 
only on the speed o f in teg ra tion  but also on the so lu tion ’ s s ta b il ity  and 
accuracy (see Table 6.1 below). Based on the observations, th is  o rig in a l 
and novel app lication o f the technique has been applied on a ll the other 
cycle con figu ra tion  sim ulations in  the so ftw are  development, and e x p lic it  
Euler in teg ra tion  was no longer used in solving the gas and so lid  phase 
equations.
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Table 6.1 Comparison Between E x p lic it  and Im p lic it  
E u le r In te g ra tio n  Technique on a P ressurisation  Step S im u la tio n
In te g ra tio n
Technique
O a t Bed
2
End (%mol)
To ta l Feed T o ta l O in  CPU
2
(kmol) Feed Ckmol) (sec.)
E x p lic it
Im p lic it
11.7
9.85
1.42 x  10 3 2.99 x  10 4 299.7
1.47 x  10"3 3.10 x  10-4 21.6
6.3 N orm al Purge Cycle S im ulation
This section presents the resu lts obtained fo r  a series o f norm al purge 
cycle sim ulation runs. The prim e objective was to  determ ine the va ria tion
o f product oxygen concentration w ith  purge flo w  ra te  a t a given net product 
amount. The secondary objectives were to  determine the e ffe c t o f net 
product amount and the type o f the adsorption isotherm  on the re la tionsh ip  
between product oxygen concentration and purge f lo w  ra te . The purge f lo w  
ra te  is  varied in  order to  vary the purge amount bu t the purge step tim e  is 
kept constant.
The sim ulation runs use the ’standard’ data w ith  the fo llo w in g  exceptions,
1) Purge f lo w  ra te , VPURGE = Vary fro m  1.0 x  10-6 tO 1.0 x 10 2
(m3/s )
2) Pressurisation tim e, TPS = 20 (sec)
3) Depressurisation tim e, TDS = 20 (sec)
4) Net product amount, PDNET = 1.0 x 10 5 and 1.0 x  10 4 (kmol)
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The va ria tion  o f pressure w ith  tim e functions, fo r  both pressurisation 
(linea r) and depressurisation (exponential) can be found in  Section 5.2.1.
6.3.1 E f fe c t  o f  N e t P roduct Amount
Figure 6.6a shows tw o sets o f sim ulation resu lts, each has a constant net
- 5  - 4product amount, 1.0 x  10 kmol and 1.0 x  10 kmol respective ly. There 
is an optimum purge f lo w  ra te  fo r  each set before the oxygen concentration 
in  the product s ta rts  to  increase again. These optimum purge f lo w  ra tes
-6  -4  3lie  between 1.0 x  10 and 1.0 x  10 m /s  which correspond to  a purge
-7  -5amount per u n it tim e o f 8.177 x  10 and 8.177 x  10 km o l/s  respectively.
A t the optimum purge f lo w  ra te , the lowest oxygen concentrations in  the 
product were 1.967. and 13.47. respectively. When the purge f lo w  ra te  is 
low er then the optimum flo w  ra te , the overall ra te  o f oxygen desorption is 
low  and the column is only p a rtia lly  clean. This is  because a t low  purge 
f lo w  ra tes  only a sm all p a rt o f the top o f the column receives low  oxygen 
purge gas. Low oxygen p a rtia l pressures provide the d riv in g  fo rce  fo r  
increased ra tes o f desorption. Theref ore oxygen desorption is only
enhanced in  th is  small region a t the top o f the column.
A t high purge f lo w  rates, tha t is, above the optimum, the donating
product release step is releasing so much product gas th a t the product 
oxygen concentration rises. This is the d ire c t cause o f the rise  in  oxygen
concentration in the product. The secondary e ffe c t is th a t the  receiving
column receives gas o f higher oxygen p a rtia l pressure, hence the d riv ing
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fo rce  fo r  oxygen desorption is reduced and the cleaning e ffe c t is  likew ise 
reduced. I t  is the re fo re  very im portan t to  id e n tify  the optimum purge flo w  
ra te  a t each preset net product amount during purge cycle operations.
The e ffe c t o f net product amount on the norm al purge cycle, can be 
summarised as fo llow s:
1) be tte r separation can be achieved a t a low er net product amount, th is  
coincides w ith  the resu lt obtained fo r  simple cycle s im ulation, where 
the product oxygen concentration increases as the net product amount 
increases, and
2) the optimum purge flo w  ra te  is la rg e r a t h igher net product amounts. 
This is because the adsorptive capab ility  o f the adsorbents has not 
been fu l ly  u tilised  a t higher net product amounts. When the feed ra te  
is high during the product release step, the feed ra te  is much fa s te r 
than the oxygen adsorption ra te , and the product oxygen concentration 
is increased. This leads to  less rap id  desorption during  the purge 
step due to  a sm aller mass tra n s fe r d riv in g  fo rce  fo r  oxygen. Hence 
the purge step has l i t t le  e ffe c t even w ith in  the optim um region. 
Outside th is  optimum region, the cleaning e ffe c t o f the purge step 
decreases even fu r th e r fo r  the reasons described above.
F igure 6.6b shows the p lo t o f n itrogen y ie ld  versus the purge f lo w  ra te  on 
the sim ulation runs mentioned above. Again the resu lts  show the  general 
trends as were obtained fo r  a simple cycle, where the n itrogen  yie ld  
increases w ith  the increase in net product amount. The fig u re  shows th a t 
the n itrogen yie ld is also dependent on the purge f lo w  ra te . However there 
is no optimum purge amount a t constant net product amount.
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Hence i t  is im portant to  id e n tify  whether i t  is the product concentration 
o r the product yie ld tha t defines the operating philosophy fo r  the purge 
cycle. The fo llow ing  points summarise the find ings:
1) the lower the net product amount, the be tte r the separation,
2) the higher the net product amount, the be tte r the n itrogen yie ld,
3) there is an optimum purge flo w  ra te  fo r  product p u rity , and
4) the low er the purge flo w  ra te , the higher the n itrogen yie ld.
Although no sim ulation has been ca rried  out to  show the e ffe c t o f purge 
f lo w  ra te  a t constant purge amount o r vice versa, i t  should be noted th a t 
such investigations can be easily carried  out using the cu rren t model.
6 .3 .2  E ffe c t  o f Type o f Adsorption Isotherm
Figure 6.7a and Figure 6.7b show the resu lts  obtained fro m  running the 
so ftw are  w ith  linear isotherm and compared to  the resu lts  obtained e a r lie r 
using Langmuir isotherm (Figures 6.6a and 6.6b). The s im ulation was a t a
- 5net product amount o f 1.0 x  10 kmol. The resu lts  suggest th a t the DCPSA 
model is sensitive to  the type o f isotherm  used as fa r  as the product 
specification  is concerned. However the type o f isotherm  used has a 
neglig ib le impact on the product yie ld. No sim ulation has been ca rried  
out using the Langmuir co-adsorption isotherm  as fa r  as the va ria tion  o f 
purge flo w  ra te  is concerned. The model, again, can be used to  pe rfo rm  
such a simulation.
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Figure 6.8 is the p lo t o f product oxygen concentration versus cycle number 
showing the va ria tion  w ith  the three d iffe re n t types o f isotherm (linear, 
Langmuir and Langmuir co-adsorption). The fo llo w in g  conclusions were 
drawn:
1) fo r  the linear isotherm, the sim ulation took 20 cycles to  reach
steady-state and the product oxygen concentration is approxim ately 
8.5%. Whereas approxim ately 35 cycles are required fo r  both the
Langmuir pure gas and Langmuir b inary co-adsorption isotherms, and 
th e ir  steady-state product oxygen concentrations are 5.5% and 6.5% 
respectively.
2) the resu lts  show tha t, during the dynamic state, the product oxygen
concentration rose tem pora rily  fro m  8% to  15% fo r  Langm uir b inary
isotherm , 14% fo r  Langmuir pure gas isotherm and 12.5% fo r  the linea r 
isotherm . These resu lts  have demonstrated th a t the dynamics o f using 
d iffe re n t isotherms are q ua lita tive ly  s im ila r. I t  is  thus im portan t 
to  have an accurate representation o f the isotherm  used, especially 
i f  the so ftw are  is used as a design too l fo r  any b inary gas adsorption 
separation.
6.4 Purge Cycle w ith  C o -c u rre n t D epressurisation  S im u la tion
As discussed in Chapter 2, the co -cu rren t depressurisation step is 
norm ally used in conjunction w ith  the b a c k fill step. The combination o f 
these tw o steps constitu tes one o f the bed pressure equalisation steps. In 
th is  section the sim ulation runs are perform ed to  serve the fo llo w in g  
purposes:
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1) to  demonstrate the robustness o f the so ftw are , and
2) to  study the behaviour o f purge cycle when using co -cu rren t
depressurisation as a regeneration step where the co -cu rren t gas is as 
a waste gas. (The co -cu rren t depressurisation step is not norm ally a
regeneration step but ra th e r a step which enhances product release, in
which case the co -cu rren t gas goes out as a product), and
3) to  compare the tw o  d if fe re n t types o f purge cycles.
The sim ulation resu lts  are generated fro m  the data used fo r  the normal 
purge cycle.
Figure 6.9 shows the p lo t o f product oxygen concentration versus purge flo w  
ra te  w ith  tw o d iffe re n t net product amounts. The resu lts  fo r  co -cu rren t 
purge (denoted in the f ig u re  by CDPRS) show tha t the separation behaves in  
a very s im ila r pa tte rn  to  th a t o f the norm al purge cycle. The f ig u re  also 
shows the d irec t comparison between the tw o d iffe re n t types o f 
depressurisation in  purge cycles. Both sets o f resu lts  show th a t the model 
favours the normal purge cycle in  term s o f product pu rity . However, a t 
high net product amount, the d iffe rence  between the tw o  cycles is 
negligible. This d iffe rence  increases to  2.3% when the net product amount 
reduces to  1.0 x  10 kmol per p a rt cycle.
The reason th a t a higher product oxygen concentration arises fo r  the 
co-current purge cycle is th a t when co -cu rren t depressurisation commences
to regenerate the column, feed composition gas at the bottom o f the column
travels towards the product end. The oxygen concentration in  the gas phase 
increases as the adsorbed oxygen s ta rts  to  desorb. As the high oxygen
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concentration gas moves tow ards the product end, i t  pushes the purer
product, le f t  a t the end o f the product release step, out through the 
product end. Hence a t the end o f the co-current depressurisation, the 
column is le f t  w ith  gas o f high oxygen concentration. This ce rta in ly  does 
not favour the adsorption o f oxygen fo r  the subsequent cycle. This is not 
the case fo r  a normal purge cycle because when the column s ta r ts  to
regenerate, the purer gas near the product end does not im m ediately leave 
the column. Gases th a t leave the column are those saturated w ith  feed
composition near the feed end. As the purer gas a t the product end trave ls  
tow ards the feed end, the p a rtia l pressure o f oxgen in  the gas phase
becomes less saturated, thus increasing the mass tra n s fe r d riv ing  fo rce . 
Under th is  cycle the adsorbed oxygen w il l  leave the adsorbent more ra p id ly  
leaving the column w ith  lesser oxygen components and hence a cleaner 
column fo r  the subsequent cycle.
The fig u re  shows rem arkably l i t t le  e ffe c t when the net product amount is
- 4high, 1.0 x  10 kmol. This is because the adsorptive ca pab ility  o f the 
adsorbents fo r  both purge cycle types have the same e ffe c t, i.e . not being 
u lly  u tilised  a t h igher net product amounts. When the feed ra te  is high 
during the product release step, the feed ra te  is much fa s te r than the
oxygen adsorption ra te , and the product oxygen concentration is  increased. 
This leads to  less rap id  desorption during both the purge steps due to  a 
sm aller mass tra n s fe r d riv ing  fo rce  fo r  oxygen. Hence the purge steps have 
l i t t le  e ffe c t.
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6.5 Backfill Cycle Simulation
The sim ulation resu lts  are generated from  the ’ standard’ data shown in
Appendix I, used fo r  simple cycle, w ith  the fo llow ing  exceptions:
1) F inal B a ck fill Pressure, PHB = Vary fro m  101.3 tO 303.9 (kPa)
2) Process tim e during  b a ck fill, TBF = Calculated value depending on the
fin a l b a c k fil l pressure as 
f  ollows:
TBF = ((PHB -  PLB) A t ) /  AP,
where AP is the range o f 
operating pressure, A t is  the 
process step tim e  and PLB is  the 
in it ia l b a c k fil l pressure (see 
Section 5.2.1).
3) Net product amount, PDNET = 1.0 x  10~6, 1.0 x 10~5 and 1.0
-4x  10 kmol.
6.5.1 E f fe c t  o f N e t Product Amount
The so ftw a re  was run  to  sim ulate b a c k fill cycles a t the three  d if fe re n t net 
product amounts per p a r t cycle. The resu lts  are p lo tted  as product oxygen 
concentration versus b a c k fil l pressure in  Figure 6.10a and n itrogen  y ie ld  
against b a ck fill pressure in  Figure 6.10b. Table 6.2 below, illu s tra te s
the perform ance o f the b a ck fill cycles a t the three d if fe re n t net product
amounts when the b a c k fil l pressure is a t the upper operating pressure,
303.9 kPa.
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Tab le  6 .2  P erform ance o f B a c k fill Cycles a t  
D if fe r e n t  N et Product Amounts
Product
Amount
Product
N itrogen
(k m o l/p a r t  cycle) ( % )
N itrogen  
Y ie ld  
( % )
Contained
N itro g en
(k m o l/p a r t  cycle)
1.0 x  10-6
1.0 x  10-5
1.0 x  10-4
98.8
95.4
81.6
6.9
42.6
86.6
9.88 x  10-5
9.54 x  10-4
8.16 x  10- 3
When the product n itrogen concentration is compared w ith  the resu lts  
obtained fo r  a simple cycle, 92%, 91.4% and 81.3% respectively,, the
inclusion o f a b a c k fil l cycle has provided a be tte r separation. This is 
indeed the expected resu lt, since the column is  back filled  (pressurise 
fro m  product end) w ith  gas which is  r ich e r in n itrogen than feed gas.
6.5.2 E f fe c t  o f B a c k fill Pressure
The e ffe c t o f b a c k fill pressure on product oxygen concentration and 
n itrogen yie ld  are summarised as fo llow s (see Figures 6.10a and 6.10b):
1) a t low b a c k fill pressure (100 to  130 kPa fo r  net product amounts o f
-6  -51.0 x  10 and 1.0 x  10 kmol) the product oxygen concentra tion  fa l l
rap id ly  w ith  decreasing b a c k fill pressure,
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2) a t in term ediate pressure (130 to  275 kPa) there is a s lig h t minimum in  
product oxygen concentration and s ligh t maximum in  n itrogen yie ld,
3) a t high b a c k fill pressure (275 to  304 kPa) the product oxygen 
concentration rises s ligh tly , and
4) yields are almost independent o f b a c k fill pressure, except a t very 
high b a c k fill pressures (274.7 to  303.9 kPa) where the y ie ld  
decreases as the b a ck fill pressure increases.
The resu lts  show th a t there is an optimum operating region, which lies 
between 130.2 and 245.8 kPa o f the operating pressure. In term s o f product 
oxygen concentration, these optimum region are very shallow but the 
optimum b a c k fill pressure decreases w ith  decreasing net product amount per 
p a rt cycle.
Although the separation is very good, 98.8% n itrogen, a t low  net product 
amount, 1.0 x  10 6 kmol, the product recovery o f approxim ate ly 6%
nitrogen yie ld  is not economical.
The reason fo r  the generation o f the optimum region is  th a t, a t low 
b a c k fill pressures, only a small amount o f gas w ith  p roduct concentration 
is introduced in to  the product end. As the b a c k fil l pressure increases, 
the amount o f gas w ith  product concentration entering the product end also 
increases. This e ffec tive ly  moves a large fra c tio n  o f the  n itrogen  fro m  
the product release column to  the b a ck fill column. This gives the n itrogen 
a longer residence tim e in the b a ck fill column which enhances the product 
concentration and nitrogen yield. However, i f  the b a c k fil l pressure 
increase fu r th e r, more gas from  the product release step is requ ired . To
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m aintain a constant net product amount fro m  product release, more gas is 
required to  leave the product end, the re fo re  gas w ith  a higher oxygen 
concentration s ta rts  to  break through the product end. When th is  higher 
oxygen content gas enters the product end o f the b a c k fill step i t  s ta rts  to  
d ilu te  the purer gas a t the product end, thus reducing the effectiveness 
o f the b a ck fill step.
The b a c k fill cycle resu lts when compared to  the normal purge cycle a t the
net product amount o f 1.0 x  10 5 kmol, show tha t, although the purge
cycle manage to  obtain a s lig h tly  be tte r separation than the b a c k fil l cycle 
(i.e. 98.17. o f n itrogen fo r  normal purge cylce instead o f 96.5% obtained
by the b a c k fill cycle), an improvement o f 9% n itrogen y ie ld  is  found fo r  
the b a ck fill cycle (i.e. 43.0% fo r  b a c k fill cycle and 34.0% fo r  normal
purge cycle).
6.6 Purge and B a c k fill ■ Cycle S im ulation
This section describes a single set o f sim ulations in  which the net product 
amount is  held constant a t 1.0 x  10 5 kmol per p a rt cycle. The cycle 
includes both the purge and b a c k fill steps in  th a t order; the vo lum etric  
purge f lo w  ra te  was varied between 1.0 x  10-6 and 1.0 x  10-4 m3/s  and the 
b a c k fill pressure was varied between 101.3 and 303.9 kPa. The 
pressurisation and depressurisation process tim e are both set a t 20
seconds. The b a ck fill process tim e is calculated as in  the b a c k fill cycle 
sim ulation (see Section 6.5).
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Figure 6.11 shows the product oxygen concentration contours which resu lt 
fro m  varying the 8 values o f b a ck fill pressure w ith  15 values o f purge f lo w  
ra te . The resu lts  confirm  the observed resu lts  obtained fro m  running purge 
cycle and b a c k fill cycle independently, th a t is, there is an optimum 
product oxygen concentration. This optimum lies in  the region o f low purge
—6 —6 3f lo w  ra te  (1.5 x  10 and 5.5 x  10 m /s )  as w e ll as low  b a ck fill pressure
(130.2 and 159.2 kPa). As both the purge flo w  ra te  and b a ck fill pressure
increase beyond the optimum region, the product oxygen concentration 
increases rap id ly . The product oxygen concentration increases fu r th e r  even
-4 3a t and above the purge flo w  ra te  o f 2.0 x  10 m /s .  but a t th is  ra te  i t  is 
no longer a ffected  by the b a ck fill pressure. (Above th is  purge f lo w  ra te , 
the product oxygen concentration fu r th e r  increases w ith  purge f lo w  ra te  but 
b a c k fill pressure has l i t t le  e ffe c t.)
Figure 6.12 shows the corresponding contour p lo ts o f n itrogen yield., The
contours are d iffe re n t fro m  those obtained fo r  product oxygen 
concentration; no d is tin c t optimum is observed. The general observations 
are:
1) the n itrogen yie ld  decreases rap id ly  as the purge f lo w  ra te  increases,
2) va ria tion  o f b a ck fill pressure below 274.7 kPa has no e ffe c t on
n itrogen yield, however, between th is  b a c k fil l pressure and the 
upper operating pressure 303.9 kPa, n itrogen y ie ld  decreases ra p id ly  
w ith  the increase o f back fill pressure.
These sim ulation resu lts lead to  the conclusion tha t,
1) i t  is essential to  keep the b a ck fill pressure below 75% o f the upper 
operating pressure so tha t the n itrogen yie ld  is optim ised,
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2) there is a region where the oxygen concentration is  lower than can be 
achieved by cycles using purge o r b a c k fil l alone,
3) the optimum b a c k fill pressure fo r  purge and b a c k fil l is approxim ately
20 kPa lower than fo r  b a c k fill alone, and
4) the optimum purge amount fo r  purge and b a c k fill is also lower than fo r  
the purge cycles alone.
6.7 Top to  Top Bed Pressure E qualisation  Cycle S im ulation
As discussed in Section 2.4, i f  only tw o  columns are used in  a Bed 
Pressure Equalisation (BPE) cycle, there  w il l  not be a continuous f lo w  o f 
product (see Figure 2.8). Since the purpose o f th is  s im ulation is  to  
demonstrate the capab ility  and robustness o f the DCPSA so ftw a re  and to  
study the behaviour o f BPE cycles, no a ttem pt is made to  simulate a  BPE 
cycle w ith  a continuous f lo w  o f product.
Two sets o f sim ulation runs were perform ed. Constant net product amounts
o f 1.0 x  10 6 and 1.0 x  10 5 kmol were used. The purge f lo w  ra te  used in
“5 3each case is the optimum purge f lo w  ra te , 5.0 x  10 m /s , obtained
during the normal purge cycle sim ulation.
In addition to  these boundary conditions, the sim ula tion  o f the Top to  Top 
Bed Pressure Equalisation (TTBPE) cycle is based on the ’ standard’ data 
w ith  the fo llow ing  exceptions:
1) Final pressure fo r  co -cu rren t depressurisation, PLC = 8 values
varying from  303.9 to  101.3 kPa ,
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2) In it ia l pressure fo r  normal depressurisation, PHD = Set equal
to  the f in a l pressure fo r  co -cu rren t depressurisation, PLC, on each
sim ulation,
3) Process tim e fo r  pressurisation step, TPS = 20 sec
4) Process tim e fo r  product release step, TPR = 40 sec
5) Process tim e fo r  depressurisation step, TDP = 20 sec
6) Process tim e fo r  purge step, TPG = 40 sec
Figures 6.13a, 6.13b and 6.13c are the three p lo ts o f the b a c k fill
pressure, product n itrogen yie ld  and product oxygen concentration versus
the co -cu rren t depressurisation pressure respectively; obtained fro m  the
sim ulation o f TTBPE cycle when the net product amount is kept constant a t
1.0 x  10 6 kmol.
Figure 6.13a shows th a t as the pressure in  the donating column decreases, 
the pressure in  the b a c k fill column increases almost linea rly . No
reduction in  pressure is possible f  o r the donating column below the
pressure in  the receiving column unless a compressor is used. The so ftw a re  
allows the study o f the behaviour o f the BPE cycles beyond the normal
operating pressure range, and to  investigate whether there  is  any rea l
advantage to  be gained by the use o f a compressor to  induce gas fro m  the 
donating column.
The resu lts  shown on Figures 6.13b and 6.13c and a ll o ther BPE s im ulation 
resu lts (see la te r sections) are the maximum and the minimum range values 
tha t the simulated process oscilla tes a fte r  i t  reaches steady state.
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From the figu res, the resu lts  suggest tha t:
1) the n itrogen yie ld  is not sensitive to  the e ffe c t o f bed pressure 
equalisation, i t  only varies between 0.9% and 1.7% . The p lo t did, 
however, show th a t when the co -cu rren t depressurisation step reaches 
its  low er operating pressure, the product y ie ld  osc illa te  over a 
large range and become less stable,
2) the minimum product oxygen concentration lies w ith in  the BPE normal 
pressure range * (i.e  no compressor is required), and its  best 
separation is 7.09% o f oxygen in  the product. Again the p lo t shows a 
higher product oxygen concentration as the co -cu rren t depressurisation 
step approaches its  low er operating pressure.
From these observations i t  was the re fo re  concluded th a t there  is  no 
advantage in using a compressor to  induce fu r th e r gas fro m  co -qurren t 
depressurisation once i t  has reached its  equalisation pressure. In fa c t 
the s im ulation suggests th a t to  obtain an optimum separation when operating 
the TTBPE cycle, i t  is not necessary to  reach its  equalisation pressure.
6.7.1 E f fe c t  o f  N e t Product Amount
Figures 6.14a, 6.14b and 6.14c are the sim ulation resu lts  o f a TTBPE
cycle. The sim ulation run is based on the configura tion  f i le  used to  
generate the resu lts  fo r  Figure 6.13 w ith  the exception o f the net product 
amount, which has been increased to  1.0 x 10 5 kmol. The purpose o f these 
sim ulations is to  study the e ffe c t o f net product amount on TTBPE cycles.
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The results show that,
1) the increase o f net product amount does not a ffe c t the p lo t o f
b a c k fill pressure versus co -cu rren t depressurisation pressure. The 
equalisation pressure is 201.85 kPa.
2) n itrogen y ie ld  increases as the co -cu rren t depressurisation pressure
decreases. This suggests th a t, as the net product amount increases, 
n itrogen yie ld  can be improved fu r th e r even a fte r  the equalisation 
pressure has been reached. However, th is  improvement cannot be 
ju s t if ie d  because the improvement in  the n itrogen y ie ld  o f 1% w il l
cause a 3% reduction in  the p u r ity  as shown in  F igure 6.14c. The 
increase in the n itrogen yie ld  is ten times g reate r than th a t a t the 
lower net product amount.
3) again there is  an optimum product oxygen concentration w ith in  the
normal BPE operating pressure range. However, the best separation is 
only 8.16% p u r ity  compared to  7.09% a t lower net product amount.
6.8 Bottom to  Bottom Bed Pressure Equalisation  Cycle S im u la tio n
The sim ulation o f the Bottom to  Bottom Bed Pressure Equalisation 
(BBBPE)cycle is based on the data used fo r  the TTBPE run. However, the 
f in a l normal depressurisation pressure, PLD, is used instead o f the f in a l 
pressure fo r  co -cu rren t depressurisation, PLC. Furtherm ore, th is
sim ulation does not include the b a c k fill step.
Figures 6.15a, 6.15b and 6.15c are the three p lo ts obtained fro m  the
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sim ulation o f the BBBPE cycle when the net product amount is kept constant 
a t 1.0 x  10 6 kmol. The figures p lo t the pressurisation pressure, product 
n itrogen yie ld  and product oxygen concentration versus the depressurisation 
pressure respectively.
Figure 6.15a again shows th a t the donating and receiving column pressures 
are linea rly  re la ted except when v ir tu a lly  a ll available gas is tra ns fe re d
(using a compressor).
From the figu res , the resu lts  suggest tha t:
1) although the p lo t o f n itrogen yie ld appears ra th e r scattered, i t  is
in fa c t not as sensitive as tha t fo r  the TTBPE (F igure 6.13b). The 
pa tte rn  o f the sca tte r p lots is due to  its  p lo t range which is  only 
0.67. . The lowest n itrogen yie ld is 0.867. and the highest is  1.347. .
2) the minimum product oxygen concentration lie  w ith in  the BPE norm al
pressure range, and its  best separation is 7.127. o f oxygen in  the
product.
Again these observations suggest th a t there is no advantage in  using a 
compressor to  tra n s fe r gas from  the depressurisation step once i t  has 
reached its  equalisation pressure. The sim ulation also suggests th a t a t 
low net product amount there is l i t t le  d iffe rence  between TTBPE and BBBPE 
cycles.
135
6.8.1 Effect of Net Product Amount
Figures 6.16a, 6.16b and 6.16c are the sim ulation resu lts  o f a BBBPE
cycle. The sim ulation run is based on the con figu ra tion  f i le  used to
generate the resu lts fo r  Figure 6.15 w ith  the exception o f the net product
amount, which is 1.0 x  10 5 kmol. The purpose o f th is  s im ula tion run  is
to  study the e ffe c t o f net product amount on BBBPE cycles.
The resu lts  show tha t,
1) the increase in  net product amount does not a ffe c t the p lo t o f
pressurisation pressure versus depressurisation pressure. The tw o 
curves, Figures 6.15a and 6.16a, are almost identica l. The 
lin e a r ity  gradient fo r  Figure 6.16a is 1.0061 and its  equalisation 
pressure is 201.93 kPa.
2) n itrogen yie ld  increases as the depressurisation pressure decreases. 
This suggests th a t, as the net product amount increases, the 
n itrogen yie ld  can be improved fu r th e r even a fte r  the equalisation 
pressure has been reached . However th is  improvement may not be 
ju s t if ie d  because the improvement in  n itrogen yie ld  o f 1% w il l  cause a 
0.6% reduction in  the p u r ity  as shown in  F igure 6.16c. The increase 
in  n itrogen yie ld is approxim ately e ight fo ld  when compared to  th a t o f 
the low er net product amount. When comparing th is  set o f resu lts  w ith  
the resu lts  fo r  the TTBPE, the TTBPE cycle resu lts  are more
favourable because the TTBPE cycle yields approxim ate ly 0.5% more 
nitrogen.
3) there is an optimum product oxygen concentration w ith in  the normal BPE 
operating pressure range. However, the best separation is only 8.2%
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p u r ity  compared to  7.12% a t low er net product amount. When compared
to  the TTBPE cycle, there is no d iffe rence  between both cycle types
as fa r  as the product oxygen concentration is concerned.
6.9 Both End Bed Pressure Equalisation  Cycle S im u la tion
The sim ulation o f the Both End Bed Pressure Equalisation (BEBPE) cycle 
involves the problem o f handling the concentration p ro file  in  the column. 
A t the end o f the product release step, the DCPSA so ftw a re  sp lits  the 
column horizon ta lly  in to  two separate columns; the top one fo r  co -cu rren t 
depressurisation and the bottom one fo r  coun te r-cu rren t depressurisation. 
These columns then become the gas donating columns. A t the end o f the gas 
donating stage, the tw o  columns re-combine to  become the o rig in a l column, 
which depressurises fu r th e r u n til i t  reaches the low er operating pressure. 
This step is then fo llow ed by a purge step. A t the  end o f the purge step 
the column then becomes the receiving stage fo r  BPE.
During the gas receiving stage, the column is  pressurised a t the feed end 
as w e ll as backfilled  a t the product end. Again the column was s p lit  in  
tw o. A t the end o f the step the calculated p ressurisation  pressure and 
b a c k fill pressure do not norm ally coincide. Hence an ite ra tiv e  method was 
implemented in  which the position o f the s p lit  in  the receiving column is 
moved u n til the pressure in both sections o f the column is  the same a t the 
end o f the step.
The s im ulation o f the BEBPE cycle uses the same data as the TTBPE
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sim ulation so tha t d irec t comparisons can be made. The only exception is 
th a t the f in a l pressures o f the donating column, PLD and PLC, are set 
equal to  each other.
Figures 6.17a, 6.17b and 6.17c are the three p lo ts obtained fro m  the
sim ulation o f BEBPE cycle when the net product amount is kept constant a t
1.0 x  10 6 kmol. The figures  show pressure o f gas receiving column (GRC), 
product n itrogen yie ld and product oxygen concentration versus pressure o f 
gas donating column (GDC) respectively.
From the figures, i t  is observed tha t:
1) although the p lo t o f n itrogen y ie ld  look ra th e r scattered, i t  is in  
fa c t  quite  s im ila r to  Figure 6.15b fo r  the BBBPE cycle. The pa tte rn  
on the sca tte r p lo ts is due to  its  p lo t range which is only 1% . The 
lowest n itrogen yie ld is 0.91% and the highest is  1.62% .
2) there  is a d is tinc tive  minimum product oxygen concentration which also 
lie  w ith in  the BPE normal pressure range, and its  best separation is 
6.17% o f oxygen in  the product. This is by fa r  the best separation 
fo r  a ll the BPE cycles encountered so fa r .
As before, these observations suggest th a t there is no advantage in  using 
a compressor to  induce gas fro m  the GDC once i t  has reached its  
equalisation pressure. The sim ulations also lead to  the conclusion th a t a t 
low net product amount the BEBPE cycle is the superio r BPE cycle as f a r  as 
product oxygen concentration is concerned.
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6.9.1 Effect of Net Product Amount
Figures 6.18a, 6.18b and 6.18c are the sim ulation resu lts  o f a BEBPE
cycle. The sim ulations run are based on the configura tion  f i le  used to
generate the resu lts  fo r  Figure 6.17 w ith  the exception o f the net product 
amount, which is 1.0 x  10 5 kmol per p a rt cycle. The purpose o f these 
simulations is to  study the e ffe c t o f net product amount on BEBPE cycles.
The resu lts  show tha t,
1) n itrogen yie ld  is between 9.3% and 10.3% . Again the resu lts  sca tte r 
w ith in  a range o f 1% . This the re fo re  c lea rly  suggests tha t, as the 
net product amount increases, the only e ffe c t is  the s ix  fo ld  
increase in  n itrogen yie ld. When compared to  o ther BPE cycles, the 
d iffe rence is small and w ith in  0.5%.
2) there is an optimum product oxygen concentration w ith in  the norm al BPE 
operating pressure range. Furtherm ore, the best separation is 7.0% 
p u rity  which is 0.8% lower than th a t o f the low er net product amount. 
When compared to  the other tw o  BPE cycles, the improvement is 
approxim ately 1.2% .
An in teresting  outcome fro m  the tw o  product oxygen concentration p lo ts, 
Figure 6.17c and 6.18c, is th a t, the optimum oxygen lies re la tive ly  close 
to  the upper operating pressure.
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6.9.2 Effect of Purge Flow Rate
I t  is obvious fro m  the resu lts  th a t BEBPE cycle outperform s a ll o ther BPE
cycles compared so fa r .  I t  is the re fo re  decided to  see the e ffe c t o f purge
-5f lo w  ra te  on BEBPE w ith  its  net product amount kept a t 1.0 x  10 kmol. 
Two fu r th e r  s im ulation runs were conducted, one w ith  purge f lo w  ra te  o f
—5 3 - 5  35.5 x  10 m /s  and the other w ith  purge f lo w  ra te  o f 4.5 x  10 m /s .
The resu lts  show th a t as the purge f lo w  ra te  decreases, the n itrogen  yie ld  
increases and the product oxygen concentration decreases. The best 
separation achieved is 4.54% product oxygen concentration w ith  a n itrogen 
yie ld  o f 10.9%. The resu lts  are summarised in  Table 6.3 below:
Table  6.3 The e f fe c t  o f  Purge F low  Rate on BEBPE Cycle
Purge F low  R ate N itro g e n  Y ie ld  P roduc t Oxygen
-5  3x  10 (m /s )  (%) C oncen tra tion  (%)
4.54
7.00 
7.44
6.10 S e n s it iv ity  A na lys is
A sens itiv ity  analysis was ca rried  out on a number o f param eters used in  
the theory. The parameters chosen were those which could be varied in  the 
design o f e ithe r the PSA processes o r the adsorbent. The se n s itiv ity
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4.5 
5.0
5.5
10.9
10.0
9.36
analysis also includes a few  operating parameters. The sim ulation run  uses
-5the normal purge cycle w ith  a net product amount o f 1.0 x  10 kmol as a 
base case. Two sets o f runs were then generated, one set w ith  a +107. and 
another set w ith  a -107. on the selected parameters. P lots o f product 
oxygen concentration and n itrogen yie ld  versus the purge amount were used 
to  compare the sens itiv ity  o f the parameters. A t a purge amount below the 
optimum purge amount, the sens itiv ity  tes t is not necessarily m eaningful 
because the model may encounter the f lo w  reversal phenomena during purging. 
Hence the discussion below only re fe rs  to  values observed a t the optimum 
purge amount and above.
Figure 6.19a and F igure 6.19b are the sens itiv ity  p lo ts fo r  the column
cross section area. The p lo ts show th a t the DCPSA model is sensitive to
the cross section area only by approxim ately ±0.2% in it ia lly  in  product 
p u r ity  (expressed as a 7. o f oxygen in  the product). But as the , purge 
amount increases the sens itiv ity  increases to  +0.57. and -0.3%. The 
sens itiv ity  o f the n itrogen y ie ld  drop fro m  ±2% to  ±0.5% as the purge 
amount increases. The improvement in  product p u rity , when cross section 
area increases, is m ainly due to  the reduction in  the gas su p e rfic ia l
velocity (i.e  A a 1 /v) which favours the separation. On the o ther hand, 
the reduction in  n itrogen y ie ld  is due to  the overa ll reduction in  the net 
product amount as the volume o f the column increases.
Figures 6.20a and 6.20b show the re su lt fo r  va ria tion  o f column voidage. 
When the cycle is a t its  optimum purge amount, the model is sensitive to  
±0.1% o f product p u rity . These margins gradually change to  +0.3% and -0.1% 
as the purge amount increases. As fo r  the n itrogen yie ld, F igure 6.20b
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shows th a t i t  varies fro m  ±1% to  ±0.5% as the purge amount increases.
Therefore, the in te res ting  point about the voidage resu lts  is th a t below 
the optimum purge amount a reduction o f voidage produces more e ffe c t on 
product concentration than increasing the voidage, but above the optimum 
purge amount the opposite is true. However, the e ffe c t on n itrogen  yie ld  
is sym m etrical. The reduction in product p u r ity  as the voidage increases
is purely due to  the increase in  the gas supe rfic ia l ve loc ity  which does 
not favour separation. As fo r  n itrogen yield, the change is in s ig n ifica n t 
ind icating  th a t there  is l i t t le  change in the net product amount.
Figure 6.21a shows th a t the model is more sensitive to  an increase in  bed
length fro m  base case. For product p u r ity  i t  varies fro m  ±0.2% to  +0.6%
and -0.4% as the purge amount increases. Again there  is  l i t t le  d iffe rence  
fo r  n itrogen yie ld, i t  varies fro m  ±2% to  ±0.5%, as shown in  F igure 
6.21b. These resu lts  are s im ila r to  those fo r  column area (Figures, 6.19a 
and 6.19b).
Figure 6.22a shows th a t a decrease in  the packing density fro m  the base 
case has a s ig n ifican t e ffe c t on the product p u rity . The se n s itiv ity  in  
the p u r ity  increases fro m  +0.2% to  +0.5% as the purge amount increases.
Figure 6.22b, fo r  the nitrogen yield, confirm s th a t the model is only
sensitive to  a decrease in  the packing density below the base case. The
change in  n itrogen yie ld  is, however, very small th a t is less than 0.5%. 
A decrease in the packing density e ffec tive ly  means an increase in  the
column voidage. Hence, the gas superfic ia l ve locity also increases which 
is h ighly undesirable fo r  separation.
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Figure 6.23a and Figure 6.23b show the model’ s se ns itiv ity  to  va ria tion  o f 
the p a rtic le  radius. I t  is obvious from  the p u r ity  p lo ts th a t a change o f 
±107. o f the radius fro m  the base case causes a change in  the product p u r ity  
I t  varied fro m  ±0.15% to  ±0.4% as the purge amount increases. Again,
changes to  the product n itrogen is small, i t  varied fro m  ±0.5% to  less
than ±0.1%. Therefore, a va ria tion  in the p a rtic le  rad ius resu lts  in  a 
change in  the in te r-p a rtic le  voidage which a ffec ts  the separation.
The sens itiv ity  tests ca rried  out on the overall mass tra n s fe r coe ffic ien ts  
fo r  both oxygen (Figure 6.24a and Figure 6.24b) and n itrogen (F igure 6.25a 
and 6.25b) show very s im ila r results. The model is only sensitive to  a 10% 
increase in  the overall mass tra n s fe r coeffic ien ts fro m  the base case. The 
e ffe c t on both coe ffic ien ts  is a change o f +0.2% to  +0.6% in  the product 
oxygen concentration as the purge amount increases. The change ,in the 
n itrogen yie ld  is less than +0.5%. A decrease in the overa ll mass tra n s fe r 
co e ffic ie n t o f oxygen, o r conversely an increase in  the overa ll mass 
tra n s fe r co e ffic ie n t o f n itrogen, reduces the product p u r ity  which 
confirm s the va lid ity  o f the k ine tic  model.
In each and every case, the product concentration and n itrogen  y ie ld , as
predicted by the model were not sensitive to  any o f the isotherm s
param eters. The conclusion must be tha t the process basica lly  never gets
*
near to  equ ilib rium ; th a t is to  say th a t p is e ithe r too la rge  o r too
small compared to  p, hence changing isotherm  param eters by 10%
(e ffec tive ly  p is changed by approximately 10 %) has very l i t t le  e ffe c t on
* *
(p -  p ) (which is large compared w ith  p ).
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Figures 6.26a and 6.26b show the resu lts o f the va ria tion  in the net 
product amount. A t the optimum purge flo w  ra te  o f the base case, there is 
only a s lig h t drop in  p u r ity  (+0.15% o f oxygen) as the net product amount 
increases. However, as the net product amount decreases, the improvement 
in  p u r ity  (-0.4% o f oxygen ) is la rger. Above the optimum, varia tions o f 
±10% in  the net product amount y ie ld  poorer separations than in  the base 
case. In addition, when the net product amount is  below the base case, 
no optimum purge f lo w  ra te  was observed. This suggests th a t there is an 
optimum net product amount, beyond which no improvement in  p u r ity  is 
possible. This may be due to  the fa c t th a t any fu r th e r  reduction in  the 
net product amount w il l  resu lt in  a flo w  reversal which is not desirable. 
The resu lts  fo r  n itrogen yie ld do not show these e ffec ts .
Figures 6.27a and 6.27b represent the resu lts  obtained by vary ing  the. upper 
operating pressure. I t  is clear fro m  the resu lts  th a t the drop in  upper 
operating pressure is undesirable because the product p u r ity  can drop as 
much as 1.5%. Conversely, the improvement in  product p u r ity  is  less than 
0.1% fo r  a 10.0% increase in  the upper operating pressure. However, 
n itrogen yie ld  drops by approxim ately 2%. These observations ind icate  tha t 
the base case upper operating pressure is near to  its  optimum as fa r  as the 
product p u r ity  is concerned. The resu lts  fu r th e r  dem onstrate the  e ffec ts  
o f lin e a r d riv ing  force.
The resu lts  fo r  the varia tion  o f lower operating pressure as shown in 
Figures 6.28a and 6.28b are very s im ila r to  th a t o f Figures 6.27a and 
6.27b. In th is  case, the rise  in lower operating pressure is undesirable
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fo r  reasons as described above. The va ria tion  in  n itrogen yie ld  is less 
obvious in  the va ria tion  o f lower operating pressure.
Figures 6.29a and 6.29b show the resu lts  fo r  the va ria tion  o f cycle time. 
The change in product p u r ity  and n itrogen y ie ld  are ins ign ifican t. This 
indicates th a t fa s t cyclic processes are insensitive to  cycle tim e.
6.11 Comparison o f Purge Cycle S im ulation  o f  DCPSA Model w ith  Hassan
e t. a l . ’s W ork
Figure 6.30 shows the sim ulation resu lts  o f a norm al purge cycle w ith  
d iffe re n t values o f Q and (where the e ffec tive  sorption ra te  constant 
is re la ted  to  the d iffus iona l tim e constant by k  = f i D / r  , fo llo w in g
p
Glueckauf and Coates (1947), the value o f Q is 15; also see Section 5.3). 
The f ig u re  also shows the theo re tica l (represented by a so lid  line) and 
experim ental (represented by the symbol ’ o’ ) resu lts  o f Hassan, Ruthven 
and Raghavan (1986).
The purpose o f these simulations is to  observe the  v a ria tio n  o f oxygen 
concentration in  the product w ith  h a lf cycle number and to  compare them 
w ith  the resu lts  obtained by Hassan et. al. (1986). I t  is  however 
im portan t to  note th a t a d irec t comparison between the DCPSA sim ula tion  and 
the resu lts  obtained by Hassan et. al. cannot be made due to  d iffe rences in 
the cycle configura tion  and cycle time. The cycle con figu ra tion  by Hassan 
et. al. does not allow  fo r  a continuous flo w  o f product and the p a r t cycle 
tim e fo r  the configura tion  is 150 seconds instead o f 120 seconds as shown
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in the diagrams below.
Hassan et. al. purge cycle configuration
P rod . R e lease D epres. P urge P ress .
Purge P re ss . P ro d . Release D epres.
<-3 0 s e c - ) <-3 0 s e c -)\ O U SCC / \ ' DU SCC /
DCPSA normal purge cycle con figu ra tion
P roduc t R e lease D e p res . P urge P ress.
D epres. P urge P ress. P ro d u c t R e lease
<-2 0 s e c -) <-2 0 s e c-^ <-2 0 s e c-> <--------------- - 6 0  s e c  - --------------»
The im portan t point to  note is th a t Hassan et. al. have shown a good match 
between the theore tica l and experim ental resu lts  by vary ing  th e ir  values o f 
Q. They claimed th a t i t  is acceptable to  va ry D based on the find ings o f 
Nakao and Suzuki (1983). However they d id not acknowledge th a t the 
re la tionsh ip  between Q and cycle tim e is  obtained only a fte r  the cyclic  
adsorption process reaches steady state. Therefore, i t  is, not va lid  to
use the trans ien t state as Hassan et. a l. have done.As can be seen fro m  
Figure 6.30, changing the values o f Q also has a g rea t e ffe c t on the DCPSA 
sim ulation results.
6.12 Conclusion
To summarise,
1) The DCPSA model has been used to  sim ulate eight types o f process
cycle. These cycles are made up fro m  s ix  d is tin c t steps: 
pressurisation, product release, coun te r-cu rren t depressurisation, 
co -cu rren t depressurisation, purge and b a ck fill.
2) The model has been used to  demonstrate the separation capab ility  o f
each cycle type, p a rtic u la r ly  the e ffe c t o f net product amount on
product concentration. As the net product amount increases, the
\
product oxygen concentration also increases.
3) For a simple cycle, the main fea tu re  is the sens itiv ity  o f the
separation capab ility  a t a low  net product amount. A small va ria tion  
in  net product amount resu lts  in a re la tive ly  large increase in  the 
product oxygen concentration. The model experiences the flo w  reversal 
phenomenon when the net product amount goes below 1.0 x  10~6 kmol per 
p a rt cycle.
4) When the tw o type o f purge cycles are compared, the normal purge 
cycle is shown to  give a be tte r separation, approxim ate ly 2.3%, a t a 
net product amount o f 1.0 x  10-5 kmol per p a rt cycle.
5) A part fro m  the simple cycle, the model p red ic ts  th a t there  is  always 
an optimum operating region:
a) fo r  both types o f purge cycles, the optimum lies w ith in  the
-6  -4  3purge f lo w  ra te  o f 1.0 x  10 and 1.0 x  10 m /s ,
b) fo r  the b a ck fill cycle, the optimum lies w ith in  the b a c k fill
pressure o f 130.2 and 245.8 kPa,
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c) fo r  purge and b a c k fill cycles, the optimum lies a t a low  purge 
flo w  ra te  w ith in  the region o f 1.5 x  10 to  5.5 x  10~ m /s  as 
w ell as a t a low b a c k fil l pressure w ith in  the region o f 130.2 to
159.2 kPa.
d) fo r  bed pressure equalisation cycles, the optimum lies w ith in  
the pressure o f the donating column (216.9 to  303.9 kPa).
6 ) I t  is noted tha t fo r  the purge and b a c k fill cycle, the product oxygen 
concentration increases ra p id ly  as both the purge f lo w  ra te  and the 
b a ck fill pressure increase beyond the optimum region, as long as the
- 4  3purge f lo w  ra te  is below 2.0 x  10 m /s .  Above th is  purge flo w  ra te , 
the product oxygen concentration increases fu r th e r w ith  an increase in  
the purge flo w  ra te  but shows a neglig ib le change w ith  an increase in  
the b a ck fill pressure.
7) The model simulates the bed pressure equalisation cycles successfully.
8) The sens itiv ity  study is geared tow ards the physical and the operating 
parameters. This study has allowed the designer to  have a b e tte r view 
o f how each individual param eter a ffe c ts  the separation given a fix e d  
set o f operating conditions.
9) The use o f fis value as f i t t in g  param eters by Hassan et. al. in  th e ir  
model has yet to  be fu l ly  ju s tif ie d .
Due to  the lack o f process data and published experim ental resu lts , the
simulation resu lts  are only hypothetica l. Hence no quan tita tive  measure
should be taken from  the resu lts  as such. However the behaviour o f the
model can be accepted as a good ind ication  o f how the process can and may
behave as suggested by the results.
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This chapter has demonstrated the capab ility  and the robustness o f the 
DCPSA model. The fo llo w in g  chapter summarises the find ings o f th is  
research and recommends fu tu re  work.
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CHAPTER 7
GENERAL OBSERVATION, CONCLUSION 
AND RECOMMENDATIONS FOR FUTURE WORK
7.1 G eneral O bservation and Conclusion
The purpose o f deriv ing th is  new DCPSA model was to  sim ulate the d iffu s io n  
contro lled PSA process by tak ing  in to  account the mass tra n s fe r lim ita tio n  
encountered by the adsorbates, which has been ignored by many PSA models. 
The model has been fo rm u la ted  w ithou t assuming a frozen  solid  state  during 
the pressure changing steps. This model a llows one to  study and to  
understand the behaviour o f PSA processes fo r  many d if fe re n t cycles. This 
includes one o f the most d i f f ic u lt  process cycles, both end bed pressure 
equalisation cycle. No published models have included th is  cycle. 
Furtherm ore, the resu lts  shown in  Section 6.11 demonstrate the model’ s 
a b ility  to  f i t  the theore tica l and experim ental data obtained by Hassan et. 
al. (1986), when the co rrec t adsorption param eters are used.
The model presented an ex trao rd ina ry  ’ reverse f lo w  phenomenon’ during  the 
product release step, which is not reported by other models, when a low 
feed ra te  is introduced a t the feed end o f the column. This is because 
when the feed ra te  is low, the ra te  o f adsorption a t the product end is 
much g reate r than the gas feed ve locity  and additiona l gas is requ ired  to  
be drawn in  fro m  the product end. This s itua tion  is not encountered in  
practice  because feed is drawn in  on demand. This reverse f lo w  phenomenon 
a t low feed ra te , caused considerable problem to  the in it ia l modelling
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solution as a constant feed ra te  was assumed. To counteract the low  feed 
ra te  problem, a variable  feed ra te  was incorporated in  the model making i t  
more robust.
The im portant assumptions made in  the development o f th is  model, are:
1) the feed gas consists o f tw o  adsorbable components w ith  no in e rts
present,
2) the gas phase fo llow s the ideal gas behaviour,
3) the process operates isotherm ally,
4) the gas passes through the columns in plug flo w ,
5) ax ia l dispersion is neglected,
6) rad ia l d iffu s io n  and w a ll e ffe c ts  are ignored,
7) there is no pressure drop across the column,
8) a lumped param eter linea r d riv ing  fo rce  is applicable fo r  mass
tra n s fe r between the gas and adsorbed phases,
9) linear, Langmuir pure gas and Langm uir b inary co-adsorption isotherm s
may be used to  describe the adsorption equ ilib ria , and
10) the columns are completely and un ifo rm ly  f i l le d  w ith  iden tica l
spherical adsorbent partic les.
The resu lting  DCPSA model consists o f fo u r p a rtia l d if fe re n tia l equations.
These equations are inhomogeneous, non-linear and f i r s t  o rder. The
hyperbolic equations in  th is  system were solved by the Method o f
Characteristics, which iden tifie s  tra je c to rie s  in the d istance-tim e plane
along which the p a rtia l d if fe re n tia l equations can be reduced to  o rd ina ry
d iffe re n tia l equations.
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Several in teg ra tion  techniques can be used along the characte ris tics . 
K irkby (1983) used an e x p lic it 4th order Runge-Kutta-Merson method 
successfully on his instantaneous local equ ilib rium  PSA model. However, 
when an e x p lic it technique was used in  the DCPSA model, i t  has proven to  be 
unsuitable, p a rtic u la r ly  when the model encountered high values o f overa ll 
mass tra n s fe r coe ffic ien ts  (K = 2.5 x  10 10 (kmol m3)(N kg s) 1 fo r
GA
-11 3 -1oxygen and K = 1.0 x  10 (kmol m )(N kg s) fo r  n itrogen). A higher
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order e xp lic it technique (Adam -Bashforth-M oulton p re d ic to r-co rre c to r
method) was also used but no improvement was made. To overcome th is ,
im p lic it Euler in teg ra tion  along the tra je c to rie s  o f the Method o f
C haracteristics was used.
Although i t  may be d if f ic u l t  to  fo rm u la te  the equations w h ile  using the 
im p lic it Euler technique, the equations do not go beyond a th ird  o rder 
polynomial, which can be solved by any ite ra tive  method. , The 
Newton-Raphson method was used in  th is  case.
By using th is  im p lic it technique, the overall perform ance -  in  term s o f 
CPU, can improved by approxim ately 1000 tim es in  some cases. Th is 
technique not only made the sim ulation o f the PSA process w ith  high values 
o f overall mass tra n s fe r coe ffic ien ts  possible, i t  also a llow s the 
sim ulation o f complicated cycles which require  a large number o f
ite ra tions, an example o f which is the both end BPE cycle.
The f in a l model is trans la ted  in to  a so ftw are  w r itte n  in  FORTRAN. The main 
features o f th is  so ftw are  are:
1) read data fro m  a cycle configura tion  f i le ,
182
2) perfo rm  the specified PSA cycle simulations,
3) store the resu lts  in  both tabu la r and graphical fo rm ,
4) perfo rm  a basic con tro l depending on the selected co n tro lle r mode, and
5) produce a perform ance summary report, which includes the m a te ria l 
balances fo r  the steps and cycles as a whole.
E ight d iffe re n t cycle configura tions have been simulated. In general, the 
product oxygen concentration increases as the net product amount increases. 
There is a minimum fo r  the net product amount, below th is  l im it  the 
sim ulation s ta rts  to  d isplay the reverse flo w  phenomena. When th is  occurs, 
the feed ra te  and product ra te  no longer stay constant. But i t  is  s t i l l  
quite possible to  achieve the preset net product amount. This f lo w  
reversal has not been described by any other published lite ra tu re .
Like the equ ilib rium  theory o f K irkby (1983), the sim ulation o f th e , purge 
cycles (both co -cu rren t and counter-curren t) also shows th a t the re  is  an 
optimum purge amount fo r  the product pu rity . A t low net product amount,
-51.0 x  10 kmol per p a rt cycle, the model favours the co un te r-cu rre n t
purge cycle in  term s o f product p u rity . A t the optimum purge f lo w  ra te , 
the d iffe rence  in  product oxygen concentration between the tw o  purge cycles 
is approxim ately 2.3%. However, a t high net product amount, 1.0 x  10 4
kmol per p a rt cycle, the d iffe rence in product p u r ity  between the  tw o
cycles is negligible.
For the b a c k fill cycle sim ulation, the product p u r ity  is a func tion  o f the 
b a ck fill pressure. The resu lts  show tha t there is an optimum opera ting  
region, which lies between 130.3 and 245.8 kPa o f the operating pressure.
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In term s o f product oxygen concentration, the optimum region is very 
shallow bu t the optimum b a c k fill pressure decreases w ith  decreasing net 
product amount per p a rt cycle. The resu lts fu r th e r show th a t the n itrogen 
y ie ld  is alm ost independent o f the b a ck fill pressure, except a t very high 
b a c k fill pressure, 275 to  303.9 kPa, where the y ie ld  decreases as the 
b a c k fill pressure increases.
When comparing the b a c k fill resu lts  w ith  those o f the normal purge cycle a t 
the net product amount o f 1.0 x  10 5 kmol per p a rt cycle, the purge cycle 
managed to  obta in  a s lig h tly  be tte r separation (98.1% o f n itrogen compared 
to  96.5%). However, fo r  the b a ck fill cycle the n itrogen yie ld  improved by 
9% over the purge cycle.
An optimum purge f lo w  ra te  and b a ck fill pressure fo r  product p u r ity  are 
very w e ll defined fo r  the purge and b a ck fill cycle. The sim ula tion  resu lts  
lead to  the conclusion tha t,
1) i t  is  essential to  keep the b a ck fill pressure below 75% o f the upper 
operating pressure in  order to  optim ise the n itrogen yie ld,
2) there is  a region where the oxygen concentration is  low er than can be 
achieved by cycles using purge o r b a c k fill alone,
3) the optimum b a c k fill pressure fo r  purge and b a c k fil l is approxim ate ly 
20 kPa low er than fo r  b a c k fill alone,
4) the optimum purge amount fo r  purge and b a c k fill is also low er than fo r  
the purge cycles alone, and,
5) the main advantage o f running the purge and b a c k fil l cycle over the 
ind iv idua l cycle, is the improvement in  n itrogen y ie ld . The 
improvement is as high as 32%.
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Three bed pressure equalisation cycles, top to top (TTBPE), bottom to
bottom (BBBPE) and both end (BEBPE), were simulated. Since only two
columns are used in the BPE cycles sim ulation, there  w il l  not be a 
continuous f lo w  o f product. The sim ulation o f BEBPE is  p a rtic u la r ly  
d if f ic u l t ,  because i t  requires handling o f the concentration p ro file  in
the column.
Like the b a c k fil l cycle simulation, these BPE sim ulations also a llow  the 
study o f the pressure swing adsorption behaviour over the en tire  operating 
pressure range. This means th a t a fte r the columns reach th e ir  equalisation 
pressure, any fu r th e r  reduction in the pressure o f the donating column can 
only be achieved w ith  the use o f a compressor.
In general, the resu lts  show tha t as the pressure in  the rece iv ing column 
increases beyond the equalisation pressure, no s ig n ifica n t bene fit fo r  
product p u r ity  was observed. Even fo r  n itrogen yie ld , the benefits  are 
sm all, the maximum increase is only 2%. In fa c t fo r  both end bed pressure 
equalisation, the optimum operating pressure is c le a rly  below the 
equalisation pressure.
When comparing the three BPEs sim ulation a t net product amount per p a rt 
cycle o f 1.0 x  10 6 and 1.0 x 10 5 kmol, both the TTBPE and the BBBPE show 
very s im ila r resu lts  fo r  each and every case. However, when these tw o
cycles are compared w ith  BEBPE, the BEBPE gave the best separation both in
term s o f optimum product p u r ity  which is approxim ate ly 1.2% purer and 
optimum n itrogen yie ld which showed an improvement o f 0.5%.
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The model was compared w ith  the theore tica l and experim ental resu lts  o f 
Hassan et. al. (1986). I t  is however im portan t to  note th a t a d irec t
comparison between the DCPSA sim ulation and the resu lts  obtained by Hassan 
cannot be made due to  differences in the cycle con figu ra tion  and cycle
tim e. The cycle configura tion  by Hassan et. al. does not a llow  fo r  a 
continuous flo w  o f product and the p a rt cycle tim e fo r  the con figu ra tion  is 
150 seconds instead o f 120 seconds.
The im portan t point to  note is th a t Hassan et. al. have shown a good match 
between the theore tica l and experim ental resu lts  by vary ing  th e ir  fis 
values. They claimed th a t i t  is acceptable to  vary Qs values based on the 
find ings o f Nakao and Suzuki (1983). However they did not acknowledge th a t 
the re la tionsh ip  between fis values and cycle tim e is obtained only a fte r  
the cyc lic  adsorption process reaches its  steady state. I t  is, the re fo re , 
not a va lid  assumption to  use during the trans ien t s ta te  by Hassan et. al. 
The DCPSA model shows tha t changing the Qs values has a g rea t e ffe c t on the 
sim ulation resu lts. These resu lts show the fa ilu re  o f the frozen  solid 
assumption used by Hassan et. al. because the model is e ffe c tive ly  
dependent on the values o f externa l f i t t in g  parameters.
F ina lly , a series o f sens itiv ity  analysis were perform ed on the physical 
and operating parameters o f the DCPSA model. The resu lts  a llow  one to  
id e n tify  the parameters tha t a ffe c t the process design, so th a t
m od ifica tion  on existing  design o r improvement to  fu tu re  design is  made 
sim pler. I t  also identifies the best operating param eters to  vary, i f
perm itted  by the design safety c r ite r io n  and at low add itiona l operating
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cost, to improve the separation.
This research has ce rta in ly  achieved its  objectives:
1) to  model a b inary m ix tu re  o f gases th a t are separated by d ifferences 
in  the in tra p a rtic le  d iffu s it ive s  o f the tw o  components, the 
d iffe rence  in  equilib rium  capacity being re la tiv e ly  unim portant. The 
production o f n itrogen fro m  a ir  using a carbon molecular sieve is 
chosen fo r  the simulation.
2) to  explore several methods fo r  the e ff ic ie n t so lu tion o f the governing 
equations and boundary conditions w ith  p a rtic u la r reference to  an 
accurate qua lita tive  description w ith  the m inimum computational 
e ffo r t .
3) to  compare the model against the experim ental behaviour o f a s im ila r 
process separating nitrogen fro m  a ir  using carbon m olecular sieves.
4) to  sim ulate a va rie ty  o f process configura tions po ten tia lly  suitable 
fo r  the recovery o f n itrogen fro m  a ir , in  p a rtic u la r the both end bed 
pressure equalisation cycle.
7.2 F u tu re  W ork
The model presented in th is  research is  very fle x ib le  and robust. However, 
the understanding o f the process is fa r  fro m  complete, i t  cannot ye t be 
used to  design processes to  any great accuracy, nor can i t  be used to  
p red ic t the performance o f novel cycle types w ith  any ce rta in ty . The 
fo llo w in g  section there fo re  suggests the possible fu tu re  work:
1) based on the sensitiv ity  analysis resu lts , bu ild  an experim enta l r ig
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tha t exactly describes the model a t its  optimum operating condition, 
concentrating on the sim ulation o f the BEBPE cycle, in  p a rticu la r. 
Ideally the experim ental r ig  should have an a u x ilia ry  probe th a t can 
give sensible measurements o f the concentration p ro file  accurate ly and 
quickly. The measurements w il l  be most useful in  examining the ro le  
o f d iffus ion  in the process and in exploring the e ffec ts  o f m ixing the 
product. This would a llow  a d ire c t comparison between the model and 
experim ental resu lts  during each in teg ra tion  tim e step. This then 
allows the study o f the model fro m  a d if fe re n t angle, and may help to  
id e n tify  any potentia l assumptions th a t should be removed fro m  the 
model.
2) obtain experim ental resu lts  th a t are po ten tia lly  su itable fo r  the 
model to  test the so ftw are  fu lly ;  adding tun ing param eters i f  
necessary.
3) study the breakthrough curves fo r  estim ating the ra te  constants. I f  
th is  method proved to  be d if f ic u l t ,  then the use o f batch adsorption 
experiments should be considered. Such as:
the use o f vacuum microbalance apparatus where the  adsorbent is 
subjected to  a small step change in  pressure [Daly and G ranville, 
(1980)1.
the use o f a d iffu s io n  ce ll apparatus where the o u tle t adsorbate 
concentration is monitored a fte r  a step change in the in le t feed 
concentration [Frost, (1981)1.
4) ca rry  out an experim ent to  observe the poss ib ility  o f im proving 
separation by changing the feed tem perature, i f  proven to  be 
beneficia l, the model should also incorporate the fa c i l i ty  o f varying 
the feed temperature.
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5) although the DCPSA model has incorporated the fa c ilit ie s  o f running 
the sim ulation w ith  the Langm uir b inary co-adsorption isotherms, only 
a few  sim ulation runs using th is  type o f isotherms have been 
performed. Hence when compatible experim ental resu lts are available, 
more sim ulation runs should be perform ed using th is  Langmuir b inary 
co-adsorption isotherms option to  see its  e ffe c t on the model.
6) develop an auto tuning a lgorithm  to  read data fro m  an on-line  
configura tion  f i le  and to  pe rfo rm  a search fo r  an optimum operating 
conditions.
7) derive a method to  sim ulate a w e ll tuned ’ rigo rous ’ (derived) model 
and then f i t  i t  to  a ’ regress’ (approximated by regression equation) 
model. The main aim is to  remove the need fo r  the package to  sim ulate 
the same large number o f cycles which an actual p lant would pe rfo rm  in 
order to  reach steady state. This should improve the com putational 
speed.
8) reduce the number o f assumptions made i f  there is a large discrepancy 
between the experim ental and theo re tica l resu lts. The selection o f 
assumptions to  be removed may be easier i f  the experim ent suggested in  
(1) is proven possible. The isotherm al assumption may be removed so 
th a t the model can be used fo r  systems th a t encounter a la rge 
tem perature varia tion . For example, the production o f oxygen using 
5A zeolite.
9) study other possible type o f cycle configura tion . One p a rtic u la r ly  
in te resting  sim ulation th a t may be run is  to  vary the purge f lo w  ra te  
o f the BPE cycles, so as to  see how they can increase the n itrogen 
product concentration and the recovery o f the feed nitrogen. The 
sim ulation o f Second Cut process cycle may also be run  and compared to
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tha t o f the b a ck fill cycle to  see whether one is more superior to  the 
other.
10) the model may be extended to  include the fa c i l i ty  o f selecting the 
type o f purge o r b a ck fill, whether i t  is d ire c tly  fro m  a product 
stream o r fro m  a fu l ly  mixed b u ffe r tank.
7.3 C onclud ing Comments
The development o f PSA cycles has been hampered by the experim ental
d if f ic u ltie s  o f establishing the optimum operating conditions fo r  a process 
w ith  many adjustable parameters. As the w orld  m arket fo r  n itrogen expands
and the pace o f com petition to  supply th is  market w ith  PSA generators
increases, the need fo r  a more complete mathematical description o f PSA 
has never been greater.
The modelling w ork in th is  p ro jec t w il l  not only help the design and
operation o f cycles based on ex is ting  technology but w il l  also assist the 
development o f new cycles. Multibed cycles are cu rre n tly  very d i f f ic u l t  to  
design on a fu l ly  quan tita tive  basis because o f the many experim enta l 
parameters and yet, what l i t t le  experience has been gained suggests th a t 
the rewards in  term s o f improved energy e ffic iency and convenience to  the 
customer w il l  be considerable.
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Author’s quote:
"To reach the end o f the universe is the dream o f a ll sc ientists. This 
research has b ring  me a step closer to  the dream. The fu tu re  w ork
suggested can fu r th e r  advance th is  dream."
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APPENDIX A
Lumped Mass T ra n s fe r  C o e ffic ien ts  and R elated  Param eters
i) The in te rfa c ia l area, a, per u n it volume o f packed column 
Assuming a ll the pa rtic les  are spherical and the same size, then
4 n r 2 ( 1 - e ) .  3 ( 1 -  e )
a =     =   (A l)
4 3 r— ir r  p
3 P
where e is the in te r-p a rtic le  voidage and r p is the p a rtic le  radius.
ii)  The externa l mass tra n s fe r coe ffic ien t, k
e
The externa l mass tra n s fe r coe ffic ien t, k is norm ally corre la ted  by
e
expressions involving three dimensionless groups:
2 r  k
P C1) Sherwood number, Sh, where Sh = -----------  (A2)
Dm
2) Schmidt number, Sc, where Sc = ----------  ,and (A3)
p Dm
2 r  p v
3) Reynolds number, Re, where Re = -------------  . (A4)
There are numerous equations re la tin g  these groups but tw o  im portan t 
corre la tions are considered here: the Ranz-Marshall equation was derived 
from  the resu lts  o f experim ental studies o f mass tra n s fe r ra tes fo r  fre e ly  
fa llin g  solid spheres [Ruthven, (1984)],
Sh = 2.0 + 1.1 Sc1/3Re1/2 (A5)
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and more recently, the Wakao-Funazkri equation (1978), which takes in to  
account the ax ia l dispersion during  adsorption [Ruthven, (1984)1,
Sh = 2.0 + 0.6 Sc1/3Re°'6 3 < Re < 104 (A6)
Substitu ting Equations (A2), (A3) and (A4) in to  Equation (A6) gives,
2 r  k
P e
D
=  2.0 +  0.6
’ M '
1 /3
' 2  r pp v ' 0.6
• p D m - f*
(A7)
I t  is c lear th a t the exte rna l f i lm  mass tra n s fe r co e ffic ien t, k is
e
d ire c tly  p roportiona l to  (Re) 0.6
i i i )  The in te rna l mass tra n s fe r coe ffic ien t, kl
The o rig ina l w ork by Glueckauf (1955) and co-workers has been extensively 
employed and ve rifie d  and takes the fo llow ing  fo rm ,
15 D
k = —
i 2
(A8)
r  ( 1 -  e ) 
P p
where cp is the in tra -p a rt ic le  voidage and is the in tra -p a r t ic le
e ffec tive  d if fu s iv ity .
iv) The overa ll mass tra n s fe r coe ffic ien t, K
G
The overall mass tra n s fe r co e ffic ie n t can be expressed in  term s o f the 
individual coe ffic ien ts , provided i t  is assumed th a t the ex te rna l f i lm  has 
negligible volume as fo llow s:
1
K
1 1
k k
e i
(A9)
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Substituting Equations (Al) and (A8) to Equation (A9) gives,
1 r  . r 2 ( 1 -  e )
  =     +    L -  (A10)
K a 3 k ( 1 -  e ) 15 D ( 1 -  c )
G c 1
Previous w ork on the carbon molecular sieves used fo r  a ir  separation 
suggests th a t i t  is the in tra -p a rtic le  e ffective  d if fu s iv ity , D ,^ which 
is o f prim e importance in  e ffec ting  the observed separation. To 
demonstrate th is  fa c t the fo llo w in g  values are used fo r  Equation (A10):
-3r p = p a rtic le  radius = 1.588 x  10 m
k = exte rna l f i lm  tra n s fe r coe ffic ien t = 0.0508 m s-1
e
ep = in tra -p a rt ic le  voidage = 0.5
e = in te r-p a rtic le  voidage = 0.4
2  —3  —lD ^ /r  = D iffus iona l tim e constant fo r  oxygen = 3.7279 x  10 s
Substitu tion these values in to  the f i r s t  te rm  o f Equation (A10) gives,
r  1 .588  x  10"3
----------------------------- =   = 0.0174 s"1
3 k ( 1 -  e ) 3 x  0 .0 5 0 8  x  ( 1 -  0 .4 )
e
and in to  the second te rm  gives,
Tp ( 1 -  e ) 1 .0  ( 1 -  0 .5  )
  = 14.9 s 1
15 D ( 1 -  e ) 15 x  3 .7279 x  10-3 ( 1 -  0 . 4 0 0  )
the second te rm  has shown to  be approxim ately 850 tim es la rg e r than the 
f i r s t  term . Hence the externa l f i lm  resistance is neg lig ib le  and the 
overall mass tra n s fe r parameters should not show any s ig n ifica n t dependence 
on gas velocity.
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APPENDIX B
Derivation of the Theory f or DCPSA Model
Equations (3.7) and (3.8), which fo rm  the basis o f the DCPSA model 
(Section 3.3), were derived as fo llow s.
A mass balance fo r  component A over an element in  the column gives Equation 
(3.5),
8  ( ^ P a )  ‘ A * A
 — + Ae — -  + AwRT — -  = 0
3z
dh
at
%
at
(Bl)
S im ila rly  fo r  n itrogen (Equation (3.6)),
 + Ae — -  + AwRT — -  = 0
az
apr
at
aqr
at
(B2)
Expanding Equations (Bl) and (B2) gives,
5P, a#
# -----  + p —  + Ae —
az A az at
apA aqA
-  + AwRT — -
at
0 (B3)
ap a# ap aq
and #  —— + p —  + Ae — -  + AwRT — -  = 0
az B az at at
(B4)
M u ltip ly ing  Equation (B3) by p and Equation (B4) by p , and
B A
then sub trac ting  one fro m  the other yields,
ap apA B f ap ap ]A B f aq aqA B
P B P Aaz az\ J
+ Ae
P B P Aat at
V.
+ AwRT
P B P Aat atV. /
= 0 (B5)
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Since the gas m ix tu re  consists o f only tw o adsorbable components, then
p = P -  p A (B6)B A
and by applying Equation (B6) to  Equation (B5) and expanding gives,
f 3PA ' dP dp '
y
f ^ A r ap ap '
y
& (P "  PA} 7 ^  '  PA
A + Ae (P -  PA} J 1  -  PA
A
azV. az azV. J M atV, at atV. J j
+ AwRT
dq dq )
(p -  p ) -------------- p  —
at at
= o (B7)
No pressure grad ient across the column was assumed, th a t is,
ap ap dP
az at dt
(B8)
So, by applying Equation (B8) to  Equation (B7), considerable 
s im p lifica tio n  is possible as fo llow s,
dp, aP dp 1 f aqA f aq aq ] ma mb
y
+ Ae p _ *  -  pA — + AwRT P —  “ PA = 0 1 (B9)at dt
V. ) atV. at atV. ) j
flP— : 
az
Division throughout by PAe and making the substitu tion  fo r  p ' , where 
1 dP 
P d t
gives Equation (3.8), th a t is,
(BIO)
■& ap ap w r t '  PA f aq aq ]A B 3qA 'A ^ A ^  ^  ^ — 1 + 1 -  1
Ae az at A e P at atV. J at
(B ll)
Equation (3.7) may be derived in a s im ila r fashion by adding Equations (B l) 
and (B2),
a (#p ) a (#p )A B------------  + ------------  + Ae
f ap ap ]A ■ B + AwRT
f dq dq ) ma mb
az az at atV. J at atV. J
= 0 (B12)
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Expanding and substitu ting  Equations (B6) and (BIO) yie lds Equation (3.7), 
th a t is
AwRT 5q 9q 
A + B—  = - Atop7 + -------- (B13)
az P a t a t
V. )
Note th a t Equation (B13) may also be derived d ire c tly  fro m  consideration o f 
an overall balance on the o rig ina l slice o f the column, thus
Basis : kmol s 1
Amount In = Amount out + Accumulation w r t  tim e + Rate o f adsorption
in gas phase
' #p  a r tfp  ’ a p ' f aq aqnA B
—  + — — 6z + — Ae6z ---- + AttSz
RT az RTV. a t RT a t a tV /
Collection o f the term s and application o f Equation (B8) yie lds Equation 
(B13) immediately.
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APPENDIX C
Derivation of Equation (4.37)
The gas phase equation (Equation (4.6)) gave the fo llo w in g  ODE fo r  the ra te
o f change o f p w ith  tim e along characte ris tics  o f ve loc ity  # /A e ,
A
dp wRT
A ,  _____
d t A e
3q dq
A m b
a t a t at
(Cl)
Let the subscript (0) denote the known value a t tim e t ,  and subscript (1) 
denote the required value a t tim e t  + 5 t.
Application o f the im p lic it Euler method gives, 
dP.
P = P +* A  ( 1 ) A(0) d t
at (C2)
(1)
Since dpA/d t  in  Equation (Cl) is now a t position 1, Equation (Cl) has 
become,
dP-
d t 
where 
dq
I
at
wRT/ p*A<1) ' * * aq ]= p p + ------
KA ( 1 ) K ( 1 )( l ) e P ( l) atV
+
at J (i) at (1).
( l )
= K a
GA
and
(C3)
(C4)
at ( i )
= K a
GB
P -  p -  p
(1) A( 1 ) *B(
(C5)
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PA t l )  an(3 PB(1) are equ ilib rium  adsorbed phase p a rtia l pressures a t
tim e t  + St.
* *
For linear isotherms, p and p , can be expressed as,
A ( 1 ) B( 1 )
q
h a (1)
p = ------- (C6)
A<1) k
Al
q
*  3(1 >
and p =   , (C7)
B (U  k
Bl
where k = k q
Al  A2 Am
and k = k q
Bl  B 2 B m
q and q are defined as the amount o f components A and B adsorbed a t
Am MBm *
monolayer capacity respectively, k and k are the linea r isotherm
gradients (Henry’s Law constants) and k and k are the Langm uir
A2 B2
constants (Section 3.3). Note th a t the ca lcu lation o f q and q is
MA ( l )  MB ( l )
explained fu r th e r  in  Appendix D.
♦ &
For the Langm uir isotherm w ithou t co-adsorption, p and p can be
^  * A ( 1 )  * B ( 1 )
expressed as,
q
*  A d )p = ----------------------- (C8)
A d )  , .k -  k q
Al A2 A d )
a  *  q B { 1 )and p =   . (C9)
B ( 1 ) . .k -  k q 
Al B2 B(1)
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S im ila rly  fo r  the Langmuir isotherm  w ith  co-adsorption, PA(1) anc* PB( i )Can 
be expressed as,
q k 
m a  ( l ) B1
A d ) k k  -  q , k k -  q , k k
A1 B1 A( 1 ) A2 B1 B(1) B2 A1
(CIO)
and % ( 1  )^A1
B d ) k k  - q  k k - q  k k
A1 B1 A( 1 ) A2 B1 nB(l) B2 A1
(C ll)
Adding (C4) and (C5) gives,
at
aqt 
+ ------
(i) at ( 1 )
= K a f p -  p* 1 + R a ( p  - p  -  p* 1 
GA [  *Ad)  *Ad)J GB [ (1) *Ad) *Bd ) J
where £
= 8 p + y 1 V A(1 ) 1
and
= ( K a -  K a ]
1 GA GB J
( V  Pe,n) - Ky  = K a P - p1 GB I (1) *B( GAaPA(l )
(C12)
M u ltip ly ing  Equation (C12) by
wRT p
Ad)
gives,
e P (l)
wRT p*Ad) + 1 
0
3
 
IC
O
• ^
ii
e P (i) atV. (i)  at e
Ad)
>
(i)
( P 1P A,1. + '»)
=  a  p + B  p 
r  a i d  2 A d )
(C13)
wRT £
where a =l c P(l)
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wRT y
and (3 =2 e P.
(l)
wRT
S im ila rly  m u ltip ly ing  Equation (C4) by ------  , gives,
e
wRT Sq
e d t
o)RT
( l ) e
K a
GA (  P A( 1 )  P A ( 1 ) )
=  ^ 3 P A ( 1 )  "  * 2
wRT
where B = -------  K a
3 GAe
wRT *
and 7 =-------  K a p , %
2 GA A(1 )e
On substitu ting  Equations (C13) and (C14) back to  Equation (C3) gives,
dP,
d t ( l )
=  P P 7 + a p  +  8  p  -  8  P  +  K  
* A ( 1 ) P ( 1 )  1 A ( 1 )  ' 2 * A ( 1 )  ' 3 P A ( 1 )  * 2
= a p 2 p7 + B -  B l p  + *
1KA ( 1 )  (  M l )  1 2 H 3  J * A ( 1 >
=  a  p  +  8  P  +  a  
1 A(  1 ) 4 A ( 1 ) 2
where f3 = p 7 + 8 ~ 8
4 M 1)  2 3
Substitu ting Equation (C15) back in to  Equation (C2) gives,
p  = p  +
* A ( 1 )  KA(0)
a p + 8 P + y 5 t 
V  A ( l )  ' 4 A ( 1 ) 2
(C14)
(C15)
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which on rearranging completes the derivation of Equation (4.37), i.e.,
aPA U >  + bPA U )  + C =  0  ' C16>
where a = a St ,1
b = 13 d t -  1
' 4
and c = y St + p
0 2 * A ( 0 )
Since Equation (C16) is a simple e xp lic it quadratic equation, the so lu tion
fo r  p is thus,
A( 1 )
-  b ± 'J  (b 2 -  4ac)
PA( 1 ) ----------- 1----------  <C17)Z a
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APPENDIX D
Derivation of Equations (4.39) and (4.40)
The solid phase equation ((Equation 4.8)) gave the fo llo w in g  ODE fo r  the
ra te  o f change o f q w ith  tim e along characteris tics o f zero ve locity,
A
dq
d t
A  *— = K a ( p -  p )
GA A A
(Dl)
Let the subscript (0) denote the known value a t tim e t ,  and subscrip t (1) 
% denote the required  value a t tim e t  + St.
Application o f the im p lic it modified Euler method gives,
q = q +
n A ( l ) m A(0)
' ^ A t-
Q. X5 >
\
d t\ (0) d t
5 t
2
(D2)
dqAFrom Equation (D2),   is  now to  be evaluated a t both the 0 and 1
d t
position. For linea r isotherms, the equilibrium  equation fo r  component A 
is,
• qA
p* = r
A1
where k = k q
A1 A2 Am
(D3)
k is the linea r isotherm  gradient (Henry’s Law constant) and k and q 
A1 A 2 Am
are the Langm uir constants (Section 3.3).
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Substituting Equation (D3) into Equation (Dl) for both time, t and t + 5t,
gives,
dq,
d t
= K a p
GA I A ( 0 )(o v k
f  - — ]I  A(0» b. J (D4)
A1
and
dq,
d t (l)
= K a
GA
r q A d )  ik Pa(i) t  J (D5)
A1
Addition o f Equations (D4) and (D5), gives,
dq
d t
dq, 
+ ------
(o) d t
K a
GA
( i )  k A1
(k AlPA( 0)  q A(0))  +  ( k AlP A ( l )  q A(l )]
(D6)
Since p , 4 and q , v are known values, and p is e ithe r known a t the 
* a (o ) a (o ) A ( l )
feed end o f the adsorber column or can be calculated fro m  linear 
in te rpo la tion  between existing  characte ris tics , Equation (D6) can be 
s im p lified  to,
dq,
d t
dq,
(o) d t
= a + fiq
(l)
A d )
(D7)
where a =
K a
GA
A1
(k p -  q + k pA1 A ( 0 ) m A(0) A1 A(1 ) J
and
K a
GA
A 1
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Substituting Equation (D7) back into Equation (D2) gives,
q = q +
m a  (l ) m a (o )
a  + £ q
Ad)
St
=  a  + 8  q 
1 ' lM A(l)
(D8)
St
where a = q + a —  
1 m A(0)
and
St
P. =  3 —
2
Rearranging Equation (D8) gives the required Equation (4.39),
cr
*A<1>
(D9)
where cr =  a
and
For Langm uir isotherms w ithou t co-adsorption, PA(1) can t>e expressed as:
A (1)
A ( 1 )
k  - k q
A1 A2 All)
(DIO)
S ubstitu ting  Equation (DIO) in to  Equation (Dl) fo r  both tim e  steps, t  and 
t  + St gives,
dq
dt (0)
= K a
GA
A (0)
A(0)
k - k  q 
A1 A2 A(0)
(D ll)
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and
dq,
d t (l)
= K a
GA
A ( 1  )
A( 1 ) k -  k q
A1 A2 A l l )
Addition o f Equations (D ll) and (D12) gives,
dq,
d t
dq,
+ --
(o) d t (l)
-  *  + KGAa
a ( i )
a ( i  ) k -  k q
A1 AZ A( l )
=  jr -
K a q
GA ^ A ( l )
k -  k  q
A 1 AZ A( l )
where v = x  + K a p
° \  GA * A U )
Substitu tion o f Equation (D13) in to  Equation (D2) yields,
q = q + 
A ( 1 ) MA(0) -
K a q
GA a ( l )
k -  k q 
A 1 AZ A d )
St
2
r z ~
K a q 
GA m a ( 1 )
k -  k q
A 1 A2  A ( l )
St
2
St
where ? = q + •y —
2 MA(0) ° 1
Rearranging Equation (D14) gives the quadratic Equation (4.40),
dq + eq + f  = 0
MA d )  MA d )
where d = 2k
A2
e = 2k -  2k y  + St K a
A1 AZ 2 GA
f  = 2k y
A1 2
(D12)
(D13)
(D14)
(D15)
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Since Equation (D15) is a simple e x p lic it quadra tic  equation, the solution
fo r  q , is thus, 
ma ( 1 )
-  e ± • /  ( e2 -  4 d f )
< ■ « „ — - —
The equivalent derivation fo r  the case o f Langm uir co-adsorption isotherms 
is given in Appendix E.
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APPENDIX E
Application of Implicit Euler to Langmuir Co-adsorption Isotherms
When using the Langmuir Co-adsorption isotherms i t  is not possible to  
rearrange the im p lic it Euler equations to  an e xp lic it fo rm  because o f the 
coupling between the amounts o f A and B adsorbed. This appendix gives the 
deta ils o f the numerical so lution employed.
Consider the ord inary  d if fe re n tia l equations which apply along the tw o 
solid phase fam ilies  o f characte ris tics , namely,
dq
d t
A *
-  = K a ( p -  p )
GA A * A
(E l)
dq #
and — ^ = K a ( p -  p )
GB B Bd t
(E2)
Let subscript (0) denote the known value a t tim e t ,  and subscrip t (1) 
denote the required value a t tim e t  + St.
Application o f the im p lic it Euler method gives,
q = q + 
MA ( l )  a (o )
dq
d t
St
( l)
(E3)
and q = q +
B ( 1 ) m B(0)
dq.
d t
St
(l)
(E4)
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dC1A dqBFrom Equations (E3) and (E4), —— and -----  are now to  be evaluated a t
d t  d t
position 1, where,
dq,
d t (l)
= K a ( p -  p* 1 
GA [  *A(1> A(l )  J (E5)
and
dcb
d t (l)
= K a ( p -  p* ] 
GB B(l)  B(l)  J (E6)
The co-adsorption isotherm  equations fo r  qA and qfi are,
qA =
*
k p 
A 1 A
1 + k p + k p 
A 2 A B2 B
(E7)
and, %
0
k p 
B r  b
1 + k p + k p 
A 2 A  B2 B
(E8)
Equations (E7) and (E8) a fte r  rearrangem ent yields,
P A =
q kA B1
k k  - q k k  - q k k
A1 B1 A A2  B1 mB B2 A1
(E9)
and, p =
B
q kB A1
k k  - q k  k - q k k
A1 B1 n A A 2 B1 mB B2 A1
(ElO)
Unlike the linear isotherm o r the Langm uir w ithou t co-adsorption isotherm , 
* *
now both pa and p0 are functions o f both qA and q0, and Equations (E3)
and (E4) have to  be applied simultaneously.
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Hence on applying im p lic it Euler in tegra tion  over the tim e in te rva l fro m  t  
to  t  + 5 t gives,
q = q + k a5t 
^A(l )  m A(0) ga
q = q + k a5t
33d) n B(0) GB
q k 
m a ( i ) b i
Ad) k k  -  q , k k -  q , k k
A1 Bl A d )  A2 Bl m B(1) B2 A1
q k 
MB ( 1 )  A1
BU) k k  -  q , k k -  q , k k
A1 Bl n A ( l )  A2 Bl B( l )  B2 A1
(E ll)
(E12)
Solving Equations (E ll) and (E12) simultaneously w ith  known values o f p 
and p ^  ( = P(1)_ PA(1)  ^ g iyes equations o f the fo llow ing  cubic fo rm ,
Ad )
3 2a q  + a q  + a q  + a = 0  
3 A ( 1 )  2  A ( 1)  1 A ( l )  0
(E13)
3 2and b q  + b q  + b q  + b = 0
3 B ( 1 )  2 B ( 1 )  1 B ( l )  0
(E14)
where the coe ffic ien ts  aQ to  b^ are given by the fo llo w in g  expressions:
a = k k a ,
3 A2 Bl
= -  k k a
B2 A1
a = k
b = k
f  k /3 -  a f  k + K aSt + Q k 11
L A r  [ A1 GA A A2J J
| k 0 -  a [ k + K  aSt + Q k 11 ,
L B l' ^ B l GB B B 2JJ
k I (3 + a -  K a5t k + K  a S t l]  ,
1 B l [  GB ^ A1 GA J J
= Q k  k | 0 -  a -  K a5t [ k + K a S t l l  ,
B A 1 B l [  GA ( B! GB J J
= Q k
A A
= QZk2 k K a5t
A A 1 Bl GB
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where Q
A
Q,B
a K k -  K k
GA Bl GB A1
j  a5t
and j  aSt
Extensive investigations did not reveal a suitable f  ac to risa tion  o f
Equations (E13) and (E14). Therefore these equations were solved by the
s Newton-Raphson method.
The Newton-Raphson method aims to  fin d  a value o f x  which sa tis fie s  the 
equation,
Denoting the derivative  o f the function  f  w ith  respect to  x  as f ’ (x), an 
ite ra tive  procedure is established to  fin d  successively b e tte r estim ates o f
f  (x) = 0 (E15)
a ro o t o f the Equation (E15), e.g., x (n), where,
x  =  x ------------------------
f ^ x (n' 1}j
(E16)
and the in it ia l estimate o f x, x (I), must be supplied e x te rna lly . I f ,  
however, there is an in flex ion  in f ( x )  a t the desired ro o t, then th is  
scheme is neither stable nor convergent. This can be overcome by the
in troduction  o f a re laxation  fac to r, r , thus Equation (E16) may be 
replaced by Equation (E17) below:
„ (  ( n - l )^
X
x <"> _ X<n-D _ r  --------------- (E17)
f  ( n - l ) ’l
lX j
where r  ~ 0.5
This scheme is  s t i l l  not unconditionally stable especially i f  tw o  o r more 
roo ts  are close together. The ra te  o f convergence is dependent on the 
value o f the re laxa tion  fa c to r necessary fo r  s ta b ility  and the accuracy o f 
the in it ia l guess. However, since i t  is nearly always possible to  get a 
good in it ia l guess fo r  the solution in the DCPSA model, the use o f a 
re laxa tion  fa c to r  was not required.
Application o f th is  method to  Equations (E13) and (E14) is s tra ig h t fo rw a rd  
since these equations are read ily  d iffe re n tiab le  in  q and q
MA (l) MB(1)
respectively. I t  should be noted tha t the solution to  these equations is
coupled to  the solution o f the gas phase Equation (4.5) because p
A (l)
appears in  Equations (E13) and (E14).
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APPENDIX F
Derivation of the Implicit Euler Method Equation for Equation (4.49)
The ODE along the gas phase characte ris tics  is (Equation (4.49)),
dp wRT
A _ ' f ? *
aq ]
+ i 1 
Qj
 
>a
1 > ....
...
.i
d t  e p atV. at at
(FI)
Le t the subscript (0) denote the known value a t tim e t ,  and subscript (1) 
denote the required value at tim e t  + 5 t.
Application o f the im p lic it Euler method gives, 
dP.
P = D +  
* A ( 1 )  A(0) d t
5 t (F2)
(l)
Since dp /d t  in  Equation (FI) is to  be evaluated a t position 1, Equation
A
(FI) has become,
^ A
wRT p
K A ( l )
aq aq
dt ( l ) e P ( i ) at atV. ) (i> at (1)
(F3)
A pplication o f Equation (C12) gives,
at
aqE
+ ---
(i) at ( 1 )
= K a
GA [ p  “ P* 1 + K a f[  * a ( i > f a(i)J gb  [I P - p  - pGB I (1) * A ( 1 )  B(1 .)
where B =l
= 8 p + y 
1 1HA(1 ) 1
K a -  K a 
GA GB
(F4)
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and y = K a
1 GB K apGA A( 1 )
Application o f Equation (C13) gives,
wRT p
A (1)
dq
+
ioR T P
A (1)
£ P
(1)
d t
V. ( 1 )  d t ( 1 ) J £ P (1)
P + i h a ( i  ) *■)
a  p + B p 
r A ( l )  2 A(1 )
(F5)
and
wRT 0
where a =l e P
(l)
wRT y
(3 =
2 e P.
(l)
S im ila rly , application o f Equation (C14) gives, 
wRT dq
e d t
wRT 
( l ) e
K a [  p -  p ]  
ga {  A( 1 ) F A ( 1 ) J
wRT
where 8 = ------  K a
3 GAe
(F6)
wRT *
y = ------- K a p
2 GA A( l )e
S ubstitu tion o f Equations (F5) and (F6) back to  Equation (F3) gives, 
dP.
d t (l)
= a p + 0 p  - B p
V  A ( 1)  2 * A ( 1)  ' 3 A ( 1)  2
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=  a  p
1 A(  1 ) ( V I p + P A ( 1 )
= a p 2 + 8 p + y (F7)
r A ( i )  l 4 * A ( l )  2
where (3 = 6 - / 3  
4 ' 2 3
Now, substitu tion  o f Equation (F7) back in to  Equation (F2) gives,
( “Amp = p  + a p + 8  p + y I StA ( 1  ) * A( 0 )  1 * A < 1 )  ' 4 A(  1 ) ° 2
which on rearranging becomes,
a P M . )  +  b P A ( l )  +  c  =  0  ( F 8 )
where a = a St1
b = /3 St -  1
4
c = v  6 t + p , ,
2 *A(0)
Since Equation (F8) is a simple e x p lic it quadratic equation, the solution 
fo r  p is  thus,
A( 1 )
-  b ± v (b 2 -  4ac)
p = ---------------------------------  (F9)
A(1> 2a
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APPENDIX G
The Analytical Solution of the Solid Phase Equation at Feed End during
P roduc t Release
The adsorption ra te  equation (i.e  the solid phase equation) fo r  component A 
along the adsorbed phase cha rac te ris tic  a t the feed end o f the column (z = 
0) is
dq,
d t
For the linear isotherm  assumption, where p
(Gl)
then Equation (Gl)
A1
becomes,
dq,
d t
K a
GA
A 1
k p -  q 
A t  A A
(G2)
I f  the operating pressure o f the product release step is P, and the feed 
composition is y , then the p a rtia l pressure p is Py .
AF A AF
Let a
K a
GA
A1
and (3 =  k p , then
A1 A
dqA
  = a ( 0 -  q )
d t  A
which may be in tegrated d ire c tly , i f  the feed composition is constant, to
give,
-a tq = 0 - ( 0 - q ) e
A(t)  ' MA(0)
(G3)
Equation (G3) represents an exact so lution fo r  the amount adsorbed as a 
function  o f tim e at the feed end o f the column.
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APPENDIX H
List of FORTRAN Routines for DCPSA Model
1 CPS A main rou tine  fo r  DCPSA
2 CLOCK re g is te r cu rren t tim e
3 PSR pressurisation step sim ulation
4 PDR product release step sim ulation
5 DPRS depressurisation step sim ulation
6 CDPRS co -cu rren t depressurisation step
sim ulation
7 PURGE purge step sim ulation
8 BCKFL b a c k fil l step sim ulation
9 LIN INT linear in terpo la tion
10 POLINT polynomial in te rpo la tion
11 INOUT ca lcu late  overall m a te ria l balance
12 SPLIT s p lit  column p ro file  in to  tw o  sections fo r
bed pressure equalisation (BPE) s im ula tion
13 STORE tem porary storage fo r  ch a rac te ris tic  handling
14 GLUE recombine the sp lit p ro file  a fte r  BPE
sim ulation
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List of FORTRAN Routines for DCPSA Model
(Continued)
Routine Calling Routine Subroutine, Function o r
ID No. Routine Called _______________ e x is tin g  ID No.
PSR 3
CLOCK 2
15 PANDPD linear pressure function, P(t) and p ' ( t )
16 INICON set in it ia l conditions
17 PDIDAT read the in it ia l data fo r  subsequent tim e
steps from  data f i le
18 NEXACT closed end ana lytica l solution
19 EQN convective balance equations
20 IMQAB solid phase equations in  im p lic it fo rm
21 IMPA gas phase equations in  im p lic it fo rm
22 RECHAR re in it ia lise  data fo r  subsequent tim e step
23 RECHYA rearrange data fo r  subsequent tim e  step such
th a t the characte ris tics  are more evenly 
spaced in  term s o f Az and component A 
composition
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List of FORTRAN Routines for DCPSA Model
Routine C alling Routine
ID No. Routine Called
PDR
CLOCK
INICON
24 REINTL
25 RENUMB
26 PDBOUN
27 PDEQN
IMQAB
28 PDIMPA
LININT
29 ADDCHR
30 REDUCE
RECHYA
(Continued)
Subroutine, Function o r 
______________ e x is tin g  ID No.
4
2
16
re in itia lise  data fo r  subsequent tim e  step 
when the number o f cha rac te ris tics  is less 
than a preset number
renumbering the characte ris tics  id e n tif ie r  
ana lytica l solution fo r  feed end ca lcu la tion  
when linear isotherm is used and the feed 
ra te  and composition are known 
s im p lified  EQN (ID No. 19) due to  constant 
pressure 
20
sim p lified  IMPA (ID No. 21) due to  constant
pressure
9
add more characte ris tics  fo r  subsequent tim e 
step
reduce the number o f ch a rac te ris tics  to  save 
processing time 
23
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List of FORTRAN Routines for DCPSA Model
(Continued)
Routine Calling Routine
ID No. Routine Called
Subroutine, Function o r 
_______e x is t in g  ID No.
DPRS
31
CLOCK 2
DPPAPD exponential pressure function , P (t) and p ' ( t )
INICON 16
REINTL 24
EQN 19
IMPA 21
IMQAB 20
LININT 9
RECHYA 23
CDPRS 6; a ll the routines called are iden tica l to  
those called by DPRS (ID No. 5)
PURGE 7; a ll the routines called are iden tica l to  
those called by PDR (ID No. 4)
BCKFL 8; a ll the routines called are iden tica l to  
those called by PSR (ID No. 3) except no 
ca ll to  routine  RECHAR
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List of FORTRAN Routines for DCPSA Model
(Continued)
INOUT 11
32 MASBAL overall mass balance ca lcu la tion
SPLIT 12
LININT 9
GLUE 14
33 REGLUE rearrange data before tw o  data f ile s  are
glue back together
INICON 16
RECHYA 23
IMQAB 20
34 IMQABC solid phase equations in  second order
im p lic it fo rm
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/L is t o f  FORTRAN Routines f o r  DCPSA Model 
(Continued)
ADDCHR 29
35 M01AAF NAG lib ra ry  routine ; used to  so rt the size
o f Az fro m  big to  small
REDUCE 30
36 M01ABF NAG lib ra ry  routine ; used to  so rt the size
o f Az fro m  small to  b ig
IMQABC 34
37 MNEWT Newton Raphson ite ra tio n  a lgorithm
MNEWT . 37
38 USRFUN specific  rou tine  required  by MNEWT
39 LUDCMP specific  rou tine  required by MNEWT
40 LUBKSB specific  rou tine  required by MNEWT
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APPENDIX I
DCPSA Software Simulation Standard Configuration File
D a t a  f o r  S i m u l a t i o n V a r i a b l e s  ( a n d  t y p e )
SIM PLE CYCLE RUN AT (A)
3 NSTEP ( I )
1 , 2 , 3 , 0 , 0 , 0 I P S R , I P D R , I D P R S , I PURGE,
IB C K F L , ICDPRS ( I )
1 . 1 , 1 , 0 , 0 , 0 I C P , ICR , I CD, ICG, I C B , ICO ( I )
1 ISO ( I )
9 . 6 2 1 D - 4 4 . 0 0 0 D - 1 A (R ) E (R)
0 . 350 D 00 5 . 930 D 02 BL (R ) W (R)
1 . 5 8 8 D - 3 1 .0 0 0 D - 7 RD (R ) TOL (R)
8 . 3 143D3 2 .9 8 0 D 0 2 R (R ) TEMP (R)
1 . 8 6 D - 1 3 5 . 6 4 D - 1 5 RKGA (R ) RKGB (R)
3 . 0390D 5 1 .01 3D 05 PHP (R ) PLP (R)
3 . 0 39 0D 5 1 .0 13D 05 PHD (R ) PLD (R)
3 . 0390D 5 1 .0 1 3 D 05 PHC (R ) PLC (R)
1 . 0 1 3 0 D 5 1 .0 13D 05 PHB (R ) PLB (R)
3 . 0390 D 5 1 . 0 1 3D05 PPR (R ) PPG (R)
0 . 210 0D 0 0 . 2 1 0D00 YAI (R ) YAPSR (R)
0 . 2 10 0D 0 0 . 2 1 0D00 YAPDR (R ) YAPUR (R)
0 . 210 0D 0 0 . 2 1 0D00 YABFL (R ) YAEQL (R)
3 . 7 8 0 D - 9 3 . 6 3 7 D - 9 SKA (R ) SKB (R)
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DCPSA Software Simulation Standard Configuration File
(C ontinue ...)
D a ta  f  o r S im ulat i on V a r i a b l e s  (and t y p e )
1 . 4 1 4 D - 6 1 . 3 6 1 D - 6 SKA2 (R) SKB2 (R)
6 . 6 6 6 D - 6 1 . 0 0 0 D - 9 VPROD (R) VPURG (R)
3 .0 0 0 D 0 1 6 . 000D01 TPS (R) TPR (R)
3 .0 0 0 D 0 1 2 . 000D01 TDP (R) TPG (R)
2 .0 0 0 D 0 1 2 .0 0 0 D 0 1 TBF (R) TCO (R)
3 . 5 0 D - 0 2 100 DZ (R) NO ( I )
1 .0 0 0 D 0 0 3 FRACT (R) IC T L ( I )
5 . 0 0 D - 0 5 0 . 0 0 0 D 0 0 PDNET (R) ERRSUM (R)
0 . 040D 0 0 2 . 0 0 0 D 0 0 PGA IN (R) A C T IN T (R)
51 0 NCY ( I ) JCN ( I )
0 ’ PUR4. OUT’ IC ( I ) I F I L E (A)
0 0 ICODP ( I ) ITBPE ( I )
0 0 IBBPE ( I ) IT T B B ( I )
0 .0 0 0 D 0 0 PRO (R)
Note
(A) denotes variable is o f type character
(I) denotes variable is an in teger
(R) denotes variable is double precision
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Where:
AT = This f ie ld  a llow  the user to  enter a t i t le  o f up to  80
characters fo r  the sim ulation 
NSTEP = The to ta l number o f process steps in a sim ulation cycle
IPSR, IPDR, IDPRS, IPURGE, IBCKFL, ICDPRS= The process step ind icators 
ICP,ICR,ICD,ICG,ICB,ICO = These indicate the in it ia l data fo r
each subsequent process step,
0 means no in it ia l data required
1 means in it ia l data are required 
ISO = Type o f isotherm: 0 fo r  linear isotherm
1 fo r  Langmuir pure gas isotherm
2 fo r  Langmuir co-adsorption isotherm  
A = Column cross-sectional area, (m )
E = Packing voidage, (- )
BL = Column length, (m)
W = Column packing density, (kg/m  )
RD = P artic le  radius, (m)
TOL = Convergence tolerence, (- )
R = Universal gas constant, (J/km ol K)
TEMP = Temperature, (K)
RKGA = Mass tra n s fe r param eter o f component A, (kmol m /(kg  Pa s))
RKGB = Mass tra n s fe r param eter o f component B, (kmol m /(kg  Pa s))
PHP = Final pressure fo r  pressurisation step, (Pa)
PLP = In it ia l pressure fo r  pressurisation step, (Pa)
PHD = In it ia l pressure fo r  depressurisation step, (Pa)
PLD = Final pressure fo r  depressurisation step, (Pa)
PHC = In it ia l pressure fo r  co -cu rren t depressurisation step, (Pa)
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PLC = Final pressure for co-current depressurisation step, (Pa)
PHB = F inal pressure fo r  b a c k fill step, (Pa)
PLB = In it ia l pressure fo r  b a ck fill step, (Pa)
PPR = Constant pressure fo r  product release step, (Pa)
PPG = Constant pressure fo r  purge step, (Pa)
YAI = Column in it ia l mole fra c tio n  o f component A, (-)
YAPSR = Feed mole fra c tio n  o f component A fo r  pressurisation step, (-)
YAPDR = Feed mole fra c tio n  o f component A fo r  product release step, (- )
YAPUR = Feed mole fra c t io n  o f component A fo r  purge step, (- )
YABFL = Feed mole fra c t io n  o f component A fo r  b a ck fill step, (- )
YAEQL . = Feed mole fra c tio n  o f component A fo r  equalisation step, (-)
•v
SKA = L inear isotherm  grad ient fo r  component A, (km ol/(kg  Pa))
SKB = L inear isotherm  grad ient fo r  component B, (km ol/(kg  Pa))
SKA2 = Langm uir isotherm  gradient fo r  component A, (Pa-1)
SKB2 = Langm uir isotherm  gradient fo r  component B, (Pa-1)
VPROD = Volum etric feed ra te  fo r  product release step, (m /s )
3
VPURG = V olum etric purge ra te  fo r  purge step, (m /s )
TPS = Process tim e fo r  pressurisation step, (s)
TPR = Process tim e fo r  product release step, (s)
TDP = Process tim e  fo r  depressurisation step, (s)
TPG = Process tim e  fo r  purge step, (s)
TBF = Process tim e  fo r  b a c k fill step, (s)
TCO = Process tim e fo r  co -cu rren t depressurisation step, (s)
DZ = In it ia l distance step size, (m)
NO = In it ia l number o f fixe d  spatia l d iscre tisation
FRACT = F ractiona l the product use fo r  purge step
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ICTL
PDNET
ERRSUM
PGAIN
ACTINT
NCY
JCN
IC
IFILE
ICODP
ITBPE
IBBPE
ITTBB
PRO
= Overall convergence con tro lle r mode:
1 fo r  PI con tro lle r
2 fo r  linear in terpo la tion ,
3 fo r  polynomial in terpo la tion ,
= Target net product amount (con tro lle r setpoint), (kmol)
= Sum o f in teg ra l e rro r fo r  net product 
= C on tro lle r p roportiona l gain 
= In teg ra l action tim e constant 
= Number o f cycles to  be run 
= S ta rting  cycle number
= Ind ica to r fo r  reading in it ia l condition fro m  f i le  
= In it ia l condition f i le  name, up to  8 characters 
= Ind ica to r fo r  running both co -cu rren t and coun te r-cu rren t 
depressurisation step 
= Ind ica to r fo r  running top to  top bed pressure equalisation 
cycle
= Ind ica to r f  o r running bottom to  bottom bed pressure
equalisation cycle 
= Ind ica to r fo r  running both end bed pressure equalisation cycle 
= Percentage o f column s p lit  fo r  gas donating column
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